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workmodels are considered, with special emphasis on the effects of adsorption, dissolution and precipitation, as
well as biomass growth, on transport coefﬁcients. Pore networkmodels are found to be a valuable tool for under-
standing and predicting meso-scale phenomena, linking single pore processes, where other techniques are more
accurate, and the homogenised continuum porous media, used by engineering community.
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Flow and transport phenomena in porous media play an important
role in many diverse ﬁelds of science and technology. For example, ra-
dioactive waste management is one of the most pressing problems fac-
ing the world today, because of the longevity of radionuclide and the
possibility of their transport to the surface environment. For long-term
performance assessment of nuclear repositories, knowledge concerning
the transport of radionuclide in the back-ﬁll material is required. One
porous medium, bentonite, is presently considered as the best candi-
date for the high level waste disposal, due to its large speciﬁc surface
area, high ion-exchange capacity, and sorption afﬁnity for organic and
inorganic ions. Sorption onto bentonite plays an important role in
retarding the migration of radionuclide from a waste repository
(Bourg et al., 2003, 2006; Bradbury and Baeyens, 2003). Another ﬁeld
where such knowledge is highly demanded is the construction industry.
Buildingmaterials such as bricks, concrete and sandstone all are porous.
These materials may interact with their environment leading to degra-
dation of the structureswith time. A speciﬁc example is that the constit-
uent ions in the hydrated cement paste matrix may leach out from the
concrete and cause the concrete structure to becomeweak. Degradation
processes like this strongly relate to the transport phenomena in con-
crete. Transport mechanisms involved in the degradation processes in-
clude: permeation of water or aqueous solutions, diffusion of gaseous
compounds and sorption of ionic contaminated water. In such a case,
transport properties in these porousmedia are usually considered as in-
dicators for evaluating the durability and ultimately predetermining the
service life of these structures (Wang and Jivkov, 2015; Wang et al.,
2015a,b; Wang et al., 2016; Zhang et al., 2014). Another example is
the contaminated underground water transport, which is controlled
by a variety of transport mechanisms including permeation, diffusion
and dispersion (McCarthy and Zachara, 1989).
There are several challenges in analysing transport in porous media.
Firstly, the intricacy of the pore structuremakes the transport processes
in porousmedia very complex. Pores tend to have irregular surfaces and
some of them even make dead ends. These factors inﬂuence the ﬂow
and transport behaviour signiﬁcantly. Another difﬁculty of studying
transport processes in porous media is the evolution of pore structure
during their service or operation, etc. These changes may result from
chemical, electrochemical or bacterial effects aswell as frommechanical
damage, such as micro cracking. The evolution of the pore space may
lead to changes in themacroscopic transport properties, such as perme-
ability and diffusivity. Furthermore, the transport properties in porous
media are a function of types of species in solution and the phase
(Appelo et al., 2010). Finally, many reactive pore network models (Li
et al., 2006; Raoof et al., 2012) employ a reaction rate or mass transfer
coefﬁcient measured in a macroscopic experiment. For example, these
authors determine reaction rate coefﬁcients from spinning disk, ﬂow-
through reactor, or continuous ﬂuidized bed reactor experiments.
These results may not be applicable to reaction rates in individual
pores, as the smaller scale magniﬁes the effects of mass transfer resis-
tance and concentration gradients. Raoof and Hassanizadeh (2010b)
demonstrated the importance of incorporating kinetics developed for
the pore scale, rather than relying on macroscopic averages.
Due to the complexity of the pore structure and the change of the
environmental conditions, a great deal of experimental, theoretical
and numerical approaches have been proposed and developed to
study transport processes through porous media during the past de-
cades (Abichou et al., 2004; Aytas et al., 2009; Boult et al., 1998;Ghassemi and Pak, 2011; Kohler et al., 1996; Li et al., 1992; Ren et al.,
2009; Tsai and Chen, 1995; Wang et al., 2005). Field and reactive trans-
port experiments as well as studies involving X-ray, SEM, TEM etc. are
usually expensive and time consuming. The measurements are highly
sensitive to the material composition, sample preparation, methodolo-
gy and testing environment. Analytical solutions are typically restricted
to problems with assumed homogeneous properties and speciﬁc
boundary conditions, some of which have limited practical relevance
or are complicated to evaluate.
Pore-scale simulations have improved the understanding of large-
scale natural processes and informed large-scale geotechnical applica-
tions. Their importance comes from the fact that they can produce rath-
er cost-effective and accurate predictions for local transport (diffusion/
permeation), and at the same time allow for systematic variations of
the system's parameters (pore space geometries, ﬂuid properties, and
boundary conditions) to assess their impact, which is much more difﬁ-
cult to achieve thanwith experiments (Meakin and Tartakovsky, 2009).
With pore-scale models one canmake improved assessments of macro-
scopic transport properties by varying the pore space structure param-
eters. This offers a way to understand the scale dependence of
continuum transport parameters. Such scale dependence cannot be cap-
tured by an effectivemediumDarcy approach. The pore-scalemodelling
is dominated by particle-based methods. These include the promising
lattice Boltzmann method (Hao and Cheng, 2010; Zhang et al., 2014)
and smoothed particle hydrodynamics (Tartakovsky and Meakin,
2006; Tartakovsky et al., 2007; Zhu and Fox, 2002).
The particlemethods,while suitable for pore-scale analyses, become
inefﬁcient at the meso-scale, e.g. when the system requiring analysis
has tens or hundreds interconnected pores in each direction
(Tartakovsky et al., 2007). Further, these methods are time consuming
and only very limited pore volumes can be addressed. In order to in-
crease the pore volume with affordable computational resources and a
reduced impact on the reliability of the results, the pore network
model (PNM) approach has been used to study reactive transport phe-
nomena. At the meso-scale the classical macroscopic equations, such as
the Darcy law, are yet not needed, i.e. ﬂuid ﬂow and solute transport
processes are simulated directly in the pores, but the precise particle dy-
namics,which can be analysed byparticlemethods, is not accounted for.
This is done by creating a virtual representation of the porous medium
consisting of pore bodies and pore throats of different sizes (the “geom-
etry” of the porous medium), connected to each other as required (the
“topology” of the porous medium). It is then possible to simulate the
ﬂuid ﬂow and solute transport process of interest at the meso-scale
through this network, with the relevant physics implemented on a
pore-to-pore basis. The ﬁrst network model was constructed by Fatt
(1956) who exploited the analogy between ﬂow in porous media and
a random resistor network. Afterwards, the models have grown in so-
phistication and now can deal with irregular lattices, wetting layer
ﬂow, arbitrary wettability and any sequence of displacement in two-
and three-phaseﬂow, aswell as a variety of different physical processes,
including phase exchange, non-Newtonian displacement, non-Darcy
ﬂow, reactive transport and thermodynamically consistent oil layers,
etc., (Balhoff and Wheeler, 2009; Blunt et al., 2002; Lopez et al., 2003;
Ryazanov et al., 2009; Yiotis et al., 2006).
Compared to the pore-scale modelling methods, such as the lattice-
Boltzmann and particle methods, pore-network models take less time
to compute and require less computer capacity due to the inherent sim-
pliﬁcations of the pore-space in the construction of themodel. Pore net-
work simulations aremuch less computationally demanding than direct
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modelling larger rock volumes. As natural geological media can be het-
erogeneous on all length scales, this is an important advantage of pore
network modelling. Pore network models have been used extensively
to simulate multiphase and single-phase ﬂuid ﬂow in porous media,
and these models will continue to provide important insight and infor-
mation in the future. However, pore network models are usually con-
structed based on simpliﬁed geometry due to the lack of experimental
resolution in pore space characterisation. This could make the predic-
tions of transport properties less credible. The greatest challenge in
obtaining credible results is the identiﬁcation of features/phenomena
relevant to the modelled process and neglecting the rest to reduce the
computational load. For example, to compute the single phase ﬂow
ﬁeld, it is necessary that the principal connected pore space ismodelled;
while the very small pores below the image resolution can be neglected
as they make little contribution to the overall behaviour (Blunt et al.,
2013).
The suitability of the pore-scalemodelling techniques for a given ap-
plication depends on the governing equations, the underlying assump-
tions for the pore-scale ﬂow and transport equations, as well as the
length-scales of the (computational) domain, etc. While the lower
scale limit of a pore-scale technique is determined by the scale of the
governing equations, the upper scale limit is set by the computational
power. In this review we focus on the pore network models with com-
prehensive account for the methods for obtaining pore space informa-
tion, constructing pore networks and the application of pore network
models to reactive transport in porous media.
2. Characterisation of pore space information
For pore networkmodel construction, the geometry and topology of
the pore space are required. There are several ways to characterise the
pore space. One is imaging techniques such as producing 3D images
by mapping the real interior structure of original samples (the destruc-
tive approach of cutting and stacking serial 2D sections, confocal laser
scanning microscopy and non-destructive X-ray micro-tomography
(micro-CT)), and constructing synthetic 3D rock images from high res-
olution 2D thin sections using statistical methods or geological process
simulation. Other non-destructive approaches are mercury intrusion
porosimerty and gas adsorption, which produce pore size distribution
and surface area, but not the full connectivity. The main methods for
space characterisations are reviewed in this section.
2.1. Imaging techniques
2.1.1. X-ray computed micro-tomography (micro-CT)
Micro-CT is a non-destructive and non-invasive imaging technique
used to characterise cross-sectional and three-dimensional internal
structures (Hazlett, 1995; Lindquist et al., 1996; Schlüter et al., 2014).
To image geological porous materials at themicro-scale, three types
of micro-CT systems are in common use: medical CT, industrial X-ray
generation tube and synchrotron micro-tomography. They primarily
differ in X-ray energy and source, means of sample manipulation and
detector geometry. Although the best image resolution reported in the
literature is from synchrotron micro-CT, the samples need to be rela-
tively small to achieve these resolutions. This may result in poor statis-
tical representation of the bulk material. Typical spatial resolution that
medical CT systems can achieve is between 200 and 500 μm, industrial
systems range from 50 to 100 μm and synchrotron based CT systems
can reach from 1 μm to 50 μm (Wildenschild et al., 2002a). Presently,
laboratory systems with genuine submicron capabilities exist, some
with voxel resolution of 20 nm, providing spatial resolution of 50–
60 nm. Three main conﬁgurations are used in systems that seek submi-
cron resolution; a good review can be found in (Schlüter et al., 2014;
Withers, 2007). Speciﬁc details of these imaging techniques and theirevolution can be found in previous reviews (Blunt et al., 2013;
Ketcham and Carlson, 2001).
It should be noted that X-ray CT may obscure signiﬁcant features or
misinterpret attenuation values of a single material in different image
sections resulting in complicated quantitative image analysis
(Ketcham and Carlson, 2001). Commonly experienced problems in-
clude beam hardening, high-frequency noise, scattered X-rays, defec-
tive detector pixels or poorly cantered samples (Ketcham and Carlson,
2001; Wildenschild et al., 2002b). In addition, there might be errors
and distortions arising from the CT reconstruction (Ketcham and
Carlson, 2001). These problems cannot be completely avoided, but can
be alleviated by careful detector calibration, metal ﬁlters and sample
centring. Application of wedge calibration and dual energy scans
(Rebuffel and Dinten, 2007) can also reduce beam hardening effects,
but these techniques are rarely implemented in standard scanning pro-
cedures (Ketcham and Carlson, 2001).
2.1.2. Focused ion beams and scanning electron microscopy
Focused ion beams (FIB) and scanning electron microscopy (SEM)
are destructive imaging techniques. SEM is a useful technique for
extracting two-dimensional (2D) images of the microstructures but
does not provide the third spatial component of the sample, which is
important to ﬁnd interconnected regions and pore volumes, shapes
and sizes. Depending on the instrument, the resolution achieved can
be between 1 and 20 nm. The world's highest resolution conventional
SEM can reach a point resolution of 0.4 nmby utilising a secondary elec-
tron detector (http://www.nanotech-now.com/news.cgi?story_id=
42612). FIB is a well-established technique to acquire very high-resolu-
tion three-dimensional images, typically just a fewmicro-meters across
(Curtis et al., 2010; Lemmens et al., 2010; Tomutsa et al., 2007). This
technique can achieve less than 1 nm imaging resolution (http://
www.ﬁbics.com/ﬁb/tutorials/introduction-focused-ion-beam-systems/
4/). Although this method provides a great potential for imaging hydro-
carbon bearing rocks at high resolution and produces images with bet-
ter quality than the electron beam imaging due to less charging of the
surface, it is still signiﬁcantly time consuming due to the refocusing be-
tween milling and imaging as well as the sample repositioning
(Tomutsa et al., 2007). Due to these limitations, this technique exposes
only small areas of observation and cannot provide adequate sampling
to characterise the sample, e.g. from a shale reservoir.
The combination of FIB and SEM (FIB-SEM) is usually used to com-
pute micro-structural properties of porous media. This combination al-
lows for the observation of ﬁnemacro-pores andmeso-poreswithin the
porous medium (Keller et al., 2011; Tomutsa et al., 2007). This method
can typically achieve voxel dimensions of tens of nanometers, thus
allowing for analysing volumes of around (10–30)3 μm3within practical
measuring time (Michael et al., 2007).
Multi-scale imaging capabilities, such as the development and inte-
gration of a range of experimental and computational tools, can facili-
tate probing the structure of materials across various scales in an
integrated fashion. Given their important function, multi-scale imaging
capabilities have been an area of focus of several research groups in the
recent years.
The combination of FIB, SEM and TEM (transmission electron mi-
croscopy) is used to analyse the structure of pore space (Wirth, 2009).
For example, the backscattered scanning electron microscopy (BSEM)
and focused ion beam SEM (FIBSEM) have been utilised to analyse
rocks (Sok et al., 2010). These techniques are particularly suitable for ex-
amining carbonates due to their multi-modal pore structure, which can
range from 10 nm to 10 cm. Sok et al. (2010) report on both plugs to
pore scale registration in 3D, as well as pore-scale to submicron scale
registration of features. The plug to pore scale approach requires one
or more subsets of the sample originally imaged (at the scale of 4 cm
and at 20 μm/pixel) which then have to be reimaged with Micro CT at
a smaller sample volume (5 mm and at 2.5 μm/pixel). After that the
data should be carefully registered and integrated. The pore-scale to
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preparing thin sections from the original ﬁeld of view of the Micro CT
images. The thin sections were then imaged with BSEM and registered
to the Micro CT image. Finally, in order to estimate reservoir properties
for complex materials, such as carbonate and mudstones, FIBSEM im-
ages were also obtained at voxel resolutions of 50 nm. A longer term
goal of Sok et al. group is to undertake completemulti-scale registration
from thewhole core and/or plug scale through theMicro CT length scale
and down to the submicron (SEM or FIBSEM) scale.
2.1.3. Nuclear magnetic resonance
Recent NMR development has demonstrated the use of relaxation,
cryoporometry, spectroscopy, diffusion, and imaging techniques to
quantify pore structure (i.e. pore sized distribution, pore morphology,
connectivity etc.), ﬂuid properties, and rock heterogeneity. The NMR
relaxometry poses the least demands on magnetic ﬁeld quality, NMR
imaging favoursmagneticﬁelds linear in spacewith a constant gradient,
andNMR spectroscopy, places the highest demands on ﬁeld homogene-
ity and ﬁeld stability.
Magnetic resonance imaging allows the imaging of the interior of
the rocks to obtain the spatial distribution across a much larger scale
(Blümich et al., 2009). Callaghan (1993) discovered the diffusion dif-
fraction phenomenon when the gradient wavelength approaches the
characteristic pore size. Since the water molecules in the porous mate-
rial will move randomly, theywill probe the pore structure. This will in-
ﬂuence the transverse relaxation time. Therefore, NMR can provide
information on the pore-size distribution of a porous material by mea-
suring this transverse relaxation time. The major advantage of NMR in
comparison with classical methods is the short measurement time.
This would allow the analysis of large quantities of samples as required
to characterise a ﬁeld or catchment-scale hydraulic properties, which
are necessary for risk assessment (e.g., ﬂood forecasting) and manage-
ment (e.g., fertilization and pest control). The determination of pore
size distributions by NMR relaxometry has its own drawbacks. First,
the diffusion in inducedmagnetic ﬁeld gradients can shorten transverse
relaxation times (T2). This must be checked and can be minimized by
choosing sufﬁciently small echo times or by measuring longitudinal re-
laxation (T1). Second, diffusion in internal gradientsmay affect different
modes of a multimodal relaxation time distribution function in a differ-
entway. Third, onemust be aware that the derivation of PSD is always a
scaling procedure,which requires independent determination of the av-
erage speciﬁc surface area. The reason is that the relaxation times are
controlled by the pore sizes and surface relaxivity, but the average S/V
is controlled by the internal surface area of the porous media. Fourth,
the assumption of the homogeneous distribution of pores and paramag-
netic centres and the calculation of an average surface relaxivity param-
eter, especially for a multimodal relaxation time distribution function,
leads to an overestimation of the large pores. All these issues, together
with the necessary simpliﬁcation of pore shape and geometry, can devi-
ate the calculated pore size distribution from the real one (Stingaciu et
al., 2010).
Nuclear magnetic resonance (NMR) relaxometry uses the random
motion of molecules, whereas cryoporometry uses the melting-point
depression of a conﬁned liquid determining pore size distributions. It
is suitable for measuring pore diameters in the range 2 nm–1 μm, de-
pending on the absorbate. While NMR cryoporometry is a perturbative
measurement, the results are independent of spin interactions at the
pore surface and so can offer direct measurements of pore volume as a
function of pore diameter (Mitchell et al., 2008). NMR cryoporometry
(Strange et al., 1993) rely on the Gibbs–Thomson equation concerning
the relationship between the characteristic pore length scale and the
change in the freezing point of the liquid, or melting point of its solid
crystal, due to conﬁnement within the porous matrix. However, the
freezing and melting behaviour of conﬁned liquids/solids is often com-
plex, with the thermodynamic properties of the conﬁnedmaterial being
modiﬁed from those of the bulk (Christenson, 2001). NMRcryoporometry offers the advantage of a more direct measure of the
open pore volume.
The pore-size distribution obtained from cryoporometry is the de-
rivative of the total liquid water content with respect to temperature.
Because noise is always present in the NMR data, the derivative can
have an irregular shape for pores having only a minor contribution to
the total signal. However, no a priori shape of a distribution is imposed.
On the other hand, the pore-size distribution obtained from
relaxometry is the result of a numerical inverse Laplace transform.
This is generally an ill-posed problem and hence some sort of regulari-
zation method is used. The numerical code that we use always yields a
sum of log-normal Gaussian-shaped pore-size distributions. Therefore
the shape of the relaxometry pore-size distribution does not accurately
reﬂect the actual pore-size distribution. Only the position of the peaks
and the total area of the distribution around a speciﬁc peak are relevant
parameters in this pore-size distribution (Valckenborg et al., 2002).
2.2. Mercury intrusion porosimetry (MIP)
Mercury intrusion porosimetry is by far the most popular method
for characterising porous materials with pores in the range of 500 μm
down to 3 nm (Giesche, 2006; León y León, 1998; Rouquerol et al.,
2012). Compared to alternative characterisation methods such as gas
sorption, mercury porosimetry covers a much wider pore size range,
while it is based on simpler physicochemical principles and it is much
faster in operation. The most important limitations of the mercury in-
trusion when applied to extract pore size distribution of a porous mate-
rial is that it is based on the assumption that the porous matrix can be
represented by a bundle of cylindrical pores. In extracting pore size dis-
tribution during mercury intrusion, all pores are assumed to be equally
accessible to the exterior mercury reservoir. This assumption can only
be met if the pore structure is represented in the form of a bundle of
capillaries or if pore connectivity is very high. In reality, however, pore
network effects can be quite important resulting in the so-called pore
shadowing or ink-bottle phenomenon. In this case, a large pore has
smaller entrances connecting with the mercury reservoir and can only
be ﬁlled at a pressure higher than that required by its actual dimensions.
Capillary network models of varying complexity have been used over
the past three decades and have been often quite successful in proving
structural characteristics of the porous materials examined (Ioannidis
and Chatzis, 1993a; Kikkinides and Politis, 2014). For obvious reasons
this method could be applied to study only the open porosity features,
since the closed pores are inaccessible to the mercury (Giesche, 2006).
2.3. Gas adsorption
Adsorption behaviour of porous materials is a function of their mi-
crostructural characteristics, such as the surface area, types of pores
present in the material, topology of the porous network and the avail-
able pore volume. Characterisation of porousmaterials is, therefore, im-
portant in the development of adsorption applications. Mercury
porosimetry and gas adsorption are determined from surface tension,
capillary forces and pressure. The main difference is that with mercury
porosimetry, large pores at the intrusion phase are determined ﬁrst,
while with gas adsorption, the smallest pores are measured ﬁrst at the
adsorption phase.
Physical gas adsorption has been used to study the pore characteris-
tics of solid materials and the changes therein upon post-synthesis
treatment. Gas adsorption is one of the most popular techniques used
to characterise the pore space. It only allows determining the volume
of open pores while closed porosity cannot be accessed. The advantage
of this technique is that it allows assessing a wide range of pore sizes,
covering essentially the completed micro- and meso-pore range in a
timely and cost-effective fashion (Thommes, 2010).
Frequently used adsorptives are nitrogen (N2), argon (Ar), and CO2,
depending on the nature of the material (adsorbent) and the
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sorptive for surface area and pore size analysis, but it is meanwhile gen-
erally accepted that nitrogen adsorption is not satisfactory with regard
to a quantitative assessment of the micro-porosity, especially for
micro-poreswithwidths smaller than 0.7 nm. Consequently, alternative
probe molecules have been suggested, e.g., argon and carbon dioxide.
For many micro porous systems, argon adsorption at 87.3 K appears to
be very useful as N2 adsorption in microspores occurs at lower p/p0
values than Ar (Groen et al., 2003; Ravikovitch et al., 2000; Serrano et
al., 2009). Despite this advantage, the low pressures induced restricted
diffusion prevents argonmolecules from entering the narrowestmicro-
pores, i.e., pores of widths bca. 0.45 nm. Furthermore, Ar adsorption at
77 K shows limited application for meso-pore size determination,
since the coolant temperature is below the bulk triple point. As a conse-
quence, pore condensation vanishes in case the pore diameter exceeds
approximately 12nm(Thommes et al., 2002).When compared to nitro-
gen and carbon dioxide, it exhibits weaker attractive ﬂuid-pore wall at-
tractions for most adsorbents, which during adsorption does not give
rise to speciﬁc interactions (like nitrogen and carbon dioxide because
of their quadrupole moments) with most of surface functional groups
and exposed ions. CO2 is another usually preferred adsorptive, since
these adsorption measurements are mostly performed at temperatures
near ambient, which will enhance diffusion properties in the highly
micro porous system compared to the low temperatures used in N2
and Ar adsorption (Rouquerol et al., 2013). A drawback of CO2 adsorp-
tion at ambient temperature is that in most commonly used equip-
ments, which predominantly operate in the pressure range of vacuum
to 1 bar, only a limited range of micropores can be measured, unless
high-pressure CO2 adsorption is used (Cazorla-Amorós et al., 1998;
Ravikovitch et al., 2000). While CO2 adsorption at 273 K is frequently
used for the ultramicopore analysis of carbonaceous materials
(Rodriguez-Reinoso, 2009), it is not a good choice for the pore size anal-
ysis of materials with polar sites, mainly because of the very speciﬁc in-
teractions that CO2 can have with functional groups on the surface.
After obtaining the physical adsorption isotherms, the interpretation
of experimentally measured isotherms is required in order to arrive the
speciﬁc characteristics of thematerial (Thommes, 2010). Classical theo-
ries include the Brunauer–Emmett–Teller (BET) method (Brunauer et
al., 1938), Barrett–Joiner–Halenda (BJH) (Barrett et al., 1951),
Broekhoff–de Boer (BdB) method (Broekhoff and De Boer, 1967),
Horvath–Kawazoe (HK) model, (Horvath and Kawazoe, 1983), and
the Saito–Foley (SF) model (Saito and Foley, 1991, 1995). Typically,
these theories involve certain assumptions, which are not universally
applicable. For example, the notion of an adsorbed monolayer required
by the BET theory to assess the surface area is clearly not applicable to
materials with narrow pores and complex energy landscapes. The clas-
sical BJH, based on the Kelvin equation and corrected formulti-layer ad-
sorption, is most widely used for calculations of the pore size
distribution (PSD) over the mesopore and part of the macropore
range. However, the BJH and BdB theories of extracting PSD, based on
a description of a porous material as a collection of cylindrical or slit
pores, are not appropriate for zeolites, metal organic frameworks, poly-
mers etc. The conventional HKmodel for slit-shaped pores and SFmodel
for cylindrical pore geometry aremainly applied formicro-pore size cal-
culations (Groen et al., 2003). Such approaches allow for obtaining the
pore size distribution in addition to the pore volume, but rely on similar
macroscopic and thermodynamic assumptions concerning the nature of
conﬁned adsorbate. This leads to inaccurate determination of the pore
size and volume. New models based on non-local density functional
theory (NLDFT) and molecular simulations were developed (Lukens et
al., 1999; Neimark and Ravikovitch, 2001; Neimark et al., 2000). It has
been demonstrated that the application of these novel theoretical and
molecular simulation basedmethods leads to: (i) amuchmore accurate
pore size analysis (Neimark and Ravikovitch, 2001; Thommes et al.,
2006), and (ii) allows performing pore size analysis over the complete
micro/mesopore size range (Thommes et al., 2006). Currently thereare methods for pore size quantiﬁcation based on NLDFT andmolecular
simulations, which are commercially available and applicable to a range
of adsorptive/adsorbent systems. They include hybrid methods that as-
sume various pore geometries for themicro- andmeso-pore size range,
as it can be found for materials with hierarchical pore structures.
Previously published review on the use of gas adsorption for charac-
terisation of porous materials hardly comments on these phenomena
(Sing, 2001). One drawback is that the process could be very time con-
suming, but the determinable pore diameter is from 0.3 to 300 nm, a
range not completely covered by mercury porosimetry.
3. Pore network model construction
The different experimental techniques for pore space characterisa-
tion present different limitations to the way representative pore net-
works can be constructed. For example, if a 3D image is available
(experimental or synthetically generated), pore networks can be con-
structed directly from this image, assuming what is considered to be a
pore and what to be a throat between pores. The need for up-scaling
from the typically small imaged volume to larger domains leads to the
need for construction of statistically representative networks. This re-
quires analysis of the image to extract size distributions of pores and
throats and their connectivity. However, if the experimental data
comes from non-imaging techniques such as mercury intrusion
porosimetry and gas adsorptionwhere not all pore space characteristics
are readily available, regular pore network construction approach is
usually applied with assumed connectivity (Jivkov and Olele, 2012).
To a large extent the success of pore networkmodels depends on the
way they represent the real pore space in terms of its geometrical and
topological characteristics for a given application. Previous works have
clearly demonstrated the importance of the geometric properties of
the porous media, such as the locations of pores and throats, the distri-
butions of sizes and shapes of pores and throats (Blunt et al., 1992;
Knackstedt et al., 1998; Oren, 1994). Most early works on pore-scale
modelling assumed that the throats were cylinders with a circular
cross-section or considered to be zero-volume connections between
pore chambers. Pores were either not modelled explicitly at all (they
simply represent throat junctions), or were spherical, cubical or cylin-
drical in shape. These methods have been applied to study the convec-
tion, transient and steady-state diffusion, permeability, etc.
(Bryntesson, 2002; Jivkov and Xiong, 2014; Laudone et al., 2008;
Meyers and Liapis, 1999; Meyers et al., 2001). Recent advances have
allowed modelling a degree of irregularity in pore cross-sectional
shape that was not available in earlier PNM (Al-Gharbi and Blunt,
2005). For some applications, such as multiphase ﬂow, it may be neces-
sary to pay speciﬁc attention to the local morphology of the throats
(Fenwick and Blunt, 1998; Gao et al., 2012; Hui and Blunt, 2000; Man
and Jing, 1999; Payatakes et al., 1973). For others, such as longer-scale
permeability or diffusivity predictions, the throats could be considered
as straight channels with locally averaged cross sections (De Josselin
de Jong, 1958). In the latter case, the variability in throat morphologies
becomes of secondary importance and the transport is controlled pre-
dominantly by the sizes and spatial positions of pores, and the connec-
tivity of the pore set via throats with different permittivity. In addition,
the models have to reﬂect basic topological properties, such as average
pore coordination number and pore coordination spectrum. The effects
of the average pore coordination on transport coefﬁcients have been
demonstrated in a number of works (Meyers and Liapis, 1999; Raoof
and Hassanizadeh, 2010a). The pore spectrum represents the relative
number of pores coordinated by different number of throats. Introduc-
ing the spectrum into the model poses a stronger constraint onto the
construction than just utilising the average pore coordination number.
This is due to the fact that totally different spectra could produce the
same average coordination number and the effects of it have been dem-
onstrated in a number of works (Jivkov et al., 2013; Meyers and Liapis,
1999).
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representing a porous medium. The ﬁrst method is to create a statisti-
cally equivalent network using distributions of basic morphologic pa-
rameters, while the second approach is to map a network structure
directly onto a speciﬁc porousmediumvoid space. The fundamental dif-
ference between the twomethods is that the directmapping provides a
one-to-one spatial correspondence between the porous medium struc-
ture and the equivalent network structure, whereas the other type of
network is equivalent only in a statistical sense to themodelled system.
The last method is called the grain-based approach, which is based on
the diagenesis of porous media.
3.1. Statistical reconstruction
2D pore space images are routinely available at high resolution. 3D
images can be reconstructed using statistical methodswith information
obtained by analysing 2D thin sections. Methods based on a truncated
Gaussian random ﬁeld are often used in conjunctionwith the geometri-
cal properties of the original pore space to reconstruct 3D images (Adler
and Thovert, 1998). These geometrical properties include porosity, also
called one-point correlation function, and two-point correlation func-
tionmeasuring the probability of ﬁnding two points separated by a cer-
tain distance within the same phase.
However, the one and two-point correlations are insufﬁcient to ade-
quately replicate the topology of themedium (Adler and Thovert, 1998;
Ioannidis and Chatzis, 2000; Levitz, 1998; Roberts and Torquato, 1999;
Yeong and Torquato, 1998a,b). Yeong and Torquato (1998a,b) used a
combination of the two-point correlation function and the distribution
of linear path, which is the probability of ﬁnding a line segment with
certain length in the void space as a descriptor to characterise the
pore geometry. In addition, Hilfer (Hilfer, 1991) introduced local poros-
ity distribution and local percolationprobability to improve the geomet-
rical characterisation. Other descriptors, such as pore chord length (the
length in the void between two solid voxelswith a given direction) have
proved useful in characterising the structure and generating 3D images
(Levitz, 1998; Roberts and Torquato, 1999). The combination of one-
and two-point correlation functions with these geometrical descriptors
improves the reconstruction of connectedness and predictions of mac-
roscopic properties such as permeability.
Despite this, these methods still fail to reproduce the long-range
connectivity of the original pore space. On the other hand, Yeong and
Torquato (1998a,b) developed a stochastic method based on simulated
annealing, whichwas later extended byManwart et al. (2000). Their ap-
proach is based on moving pore space voxels around to minimize the
objective function and they obtained the correct porosity. This method
should be able to match not only one- and two-point correlation func-
tions but also multi-point correlation functions.
Okabe and Blunt (2004) developed a multi-point statistical method
aiming to reconstruct the 3D volume from thin section images. The ap-
proach preserves the typical void space patterns observed in 2D and
consequently preserves the long-range connectivity. These statistical
methods discussed above produce 3D representation form 2D images
of the porous media with similar morphological statistics.
3.2. Grain-based model
Bryant and co-workers pioneered the use of geologically realistic
networks (Bryant and Blunt, 1992; Bryant et al., 1993a,b). Their models
are based on random close packing of equally-sized spheres. They
represented diagenesis by swelling the spheres uniformly and
allowing them to overlap. Compaction was modelled by moving
the centres of the spheres closer together in the vertical direction,
again allowing the spheres to overlap. Equivalent networks with a
coordination number of four or less were then constructed. Single
and multiphase ﬂow was simulated through the pore space. They
were able to predict the absolute and relative permeability, capillarypressure, electrical and elastic properties of water-wet sand packs,
sphere packs and cemented quartz sandstone. They also reported a
trend between permeability and porosity for Fontainebleu sand-
stone. This represented a major triumph in pore-scale modelling,
since genuine predictions of transport and ﬂow properties were
made for the ﬁrst time. They showed that spatial correlations in the
pore size distribution were important for correct predictions: using
the same pore size distribution, but assigning it at random to the
throats in the network gave erroneous predictions of permeability
(Bryant et al., 1993a). Themain drawbackwith thework is its limited
application—it could only be applied to media that is predominantly
composed of spherical grains of the same size.
The next major advance came with the work of Oren, Bakke and co-
workers at Statoil (Bakke and Oren, 1997; Lerdahl et al., 2000; Oren and
Bakke, 2002; Oren et al., 1998). They developed a reconstruction meth-
od, where the packing of spheres of different size was simulated. The
grain size distributionwasderived directly fromanalysis of thin sections
of the rock of interest. Compaction and diagenesis was modelled in a
similar manner to Bryant et al. (1993a). Clays were also included in
the model. Biswal et al. (1999) compared the pore space derived from
this geological reconstruction of Fontainebleau sandstone with an
image obtained frommicro tomography. They also studied two stochas-
tic models based on a correlation function representation. It was shown
that the stochastic models differed strongly from the real sandstone in
their connectivity properties. In contrast, the geological reconstruction
gave a good representation of the connectivity of the rock and as a con-
sequence could accurately predict transport properties (Oren and
Bakke, 2002).
Oren and co-workers used the geological reconstructions to formu-
late topologically equivalent networks through which multiphase ﬂow
was simulated (Bakke andOren, 1997; Oren et al., 1998). They predicted
relative permeability for a variety of water-wet sandstones, showed
promising results for a mixed-wet reservoir sample and matched
three-phase water-wet data (Lerdahl et al., 2000; Oren and Bakke,
2002). The works of Pillotti, and Coehlo and co-workers have demon-
strated a method to simulate the deposition of grains of non-spherical
shapes, in particular, enabling the reconstruction technique to be ap-
plied more generally (Coelho et al., 1997; Pilotti, 2000).
There are three major concerns with the application of reconstruc-
tion methods to reservoir samples. Firstly, the reconstruction algorithm
is based on explicit simulation of the geological processes by which the
rock is formed. Formany complex systems, involvingmicroporosity and
clays as well as a variety of different sedimentary processes, this may
prove challenging. Furthermore, carbonate systems are not modelled
at all. Statistical reconstructionmethods aremore general, since they re-
quire only a two-dimensional image of the system, and have been ap-
plied successfully to non-classic rocks. However, their application so
far, has been mainly to predict single-phase ﬂow simulated directly
onto the pore-space reconstruction. The second problem, regardless of
the approach, is that characterisation of the pore space requires detailed
thin section analysis thatmight be unavailable or difﬁcult to obtain. The
ﬁnal issue is that the appropriate characterisation of pore shape and
wettability are not fully understood.3.3. Direct mapping model
Directmapping from a real sample will yield an irregular lattice (Piri
and Blunt, 2005). Such irregular networks allow for validating physical
assumptions for ﬂow simulations by comparison with 4D imaging of
mass transport. 4D (3D + time) imaging methodology enables visuali-
zation and quantitative assessment of dynamic pore scale processes in
real time over variable experimental durations. More details can be
found at http://www.solid-earth-discuss.net/se-2016-40. Based on 3D
images, the following approaches have been used to construct irregular
pore network models.
107Q. Xiong et al. / Journal of Contaminant Hydrology 192 (2016) 101–1173.3.1. Medial axis algorithm
The medial axis based methods transform the pore space images
into a medial axis that was the reduced representation of the pore
space acting as a topological skeleton. The topological skeleton is con-
structed roughly along themiddle of the pore channels either by a thin-
ning algorithm (Baldwin et al., 1996; Liang et al., 1998) or a pore-space
burning algorithm (Lindquist et al., 1996). The algorithms developed by
Lindquist et al. (2000) have been primarily applied to consolidated sys-
tems but it is unknown whether they are applicable to unconsolidated
porous media with higher porosity. Al-Raoush et al. (2003) developed
algorithms which can be applied to unconsolidated porous media and
demonstrated their application on a variety of unconsolidated porous
media systems and the impacts of grain sizes, REV, and image resolution
(Al-Raoush and Willson, 2005). The pore throats are decided by local
minima along the branches whereas the pore bodies are determined
at the nodes, which verify pore space partitioning (Jiang et al., 2007;
Lindquist et al., 1996; Prodanović et al., 2006).
The medial axis mathematically preserves the topology of the pore
space; it is difﬁcult, however, to identify pores unambiguously. Further-
more, pores normally encompass more than one junction of the medial
axis; therefore, various merging algorithms have to be developed to
trim the skeleton and fuse the junctions togetherwhile avoiding unreal-
istically high coordination numbers (Jiang et al., 2007; Shin et al., 2005).
The choice of threshold value for throat quality can be problematic
without being examined by real ﬂow simulations. In conclusion, medial
axis algorithms readily capture the interconnectivity of the pore spaces
but encounter the problem in identifying pores.3.3.2. Maximal ball algorithm
The maximal ball algorithm (Al-Kharusi and Blunt, 2007; Silin and
Patzek, 2006) ﬁnds the largest inscribed spheres centred on each
voxel of the image that just touch the grain or the boundary. Then
those spheres, which are included in other spheres, are removed,
while the rest are calledmaximal balls. The largest maximal balls usual-
ly identify pores, which are connected by smaller balls between them
(these balls are called throats). Maximal balls were ﬁrst used by Silin
and Patzek (2006) to ﬁnd the dimensionless capillary pressure in drain-
age rather than to extract a pore network. The method was then
adopted and developed by Al-Kharusi and Blunt (2007). A more com-
prehensive set of criteria was set to determine the maximal ball hierar-
chy including sphere clusters to handle equally sized balls. However, the
algorithms of Al-Kharusi and Blunt use a tremendous amount of com-
puter memory and time and consequently were limited to relatively
small systems containing fewer than a thousand pores. Moreover,
their method tended to form pores with very high coordination num-
bers. To overcome this issue, a two-step searching algorithmwas devel-
oped by Dong and Blunt (2009) based on Al-Kharusi and Blunt's
algorithm. The nearest solid was found to deﬁne a void bass instead of
growing a ball layer by layer. This algorithm invented a clustering pro-
cess to deﬁne pores and throats by afﬁliating the maximal balls into
family trees according to their size and rank (Dong and Blunt, 2009).
This method clearly identiﬁed the larger pores, but tended to indentify
a cascade of smaller voids, which have sizes less than the image
resolution.
One of the problems in network generation andmodelling is the lack
of a speciﬁc deﬁnition forwhat constitutes pores and pore throats in real
materials with complicated pore geometries. Another problem is how
the deﬁnition of pore morphology affects network topology and
discretisation. Consequently, multiple network structures can be creat-
ed for the same material or 3D data set and there is no straightforward
way to deﬁne whether one network is more physically representative
than another. Vogel (2000) has demonstrated that different lattice-
based topologies have similar water retention curves. Inversely, Ams
et al. (2004) have demonstrated that different network topology induce
different relative permeability.The effects of pore density (number of pores per unit volume) on
transport in porous media have been studied by Bhattad et al. (2011).
The large variations in pore density are the result of two factors: differ-
ent methods for seeding the search for pores (i.e. deﬁned as maximal
inscribed spheres) and different settings in the merging criteria (that
merges overlapping inscribed spheres to created single pores). General-
ly, the fast algorithms create low-density networks with little or no
overlap in inscribed pores and therefore, can also generate longer
pore-throats.More complete pore searches are slow and result in higher
pore densities and shorter pore-throats. The pore density affects sec-
ondary parameters, such as pore-size distribution and pore intercon-
nectivity. However, the relationship is not always proportional or
obvious. Themost important results have shown that single-phase per-
meability is relative insensitive to pore density, while capillary pressure
curves for quasi-static drainage are moderately sensitive to network
structure (Bhattad et al., 2011).
3.4. Regular network model
Irregular PNM are sample-speciﬁc and potentially not statistically
representative. Direct construction of irregular network is impossible
(especially for micro- and meso-porous materials) in the absence of
data for throat locations and sizes, which cannot be observed by current
imaging techniques. A regular PNM constructed within a larger volume
allows for capturing statistics from a number of imaged samples, i.e. im-
proved statistical correspondence, and for calculating transport at dis-
tances closer to the engineering length scale.
Early three-dimensional network models are usually based on cubic
lattice with a constant coordination number of six, Fig. 1(a) (Ioannidis
and Chatzis, 1993b; Reeves and Celia, 1996). However, in actual porous
media, the connectivity is distributed and can have coordination num-
ber greater than six (Dong and Blunt, 2009; Jivkov et al., 2013;
Kwiecien et al., 1990). Therefore models with 26 pore coordination
number have been proposed, Fig. 1(b) (Raoof and Hassanizadeh,
2010a). This does not appear to bephysically realistic, however, because
large numbers of throats intersect at points that are not pores. A pore
network construction based on the Kelvin solid has been recently pro-
posed and applied to permeability and diffusion analyses of porous
media, Fig. 1(c) (Jivkov et al., 2013; Xiong et al., 2014). This is based
on truncated octahedral cells providing variable pore coordination de-
pendent on the allocation of pores and throats in the cell, with maxi-
mum coordination of 14. Another application of a non-cubic lattice
support for pore-network construction uses rhombic dodecahedron as
a unit cell, Fig. 1(d) (Vogel and Roth, 2001). This offers a maximum
pore coordination of 12 with throats of equal lengths, i.e. sufﬁciently
large physically admissible coordination.However, this cell is less repre-
sentative for the volume around a pore than the truncated octahedral
cell.
Historically, pores were related to the sites while pore throats were
related to the bonds of regular PNM (Dillard and Blunt, 2000; Meyers et
al., 2001;Wilkinson andWillemsen, 1983). If such correspondence is to
be statistically representative of the material modelled, sufﬁciently rich
experimental information is required. This information includes shape
and size distribution of pores and throats, as well as the pore coordi-
nation spectrum, i.e. percentages of pores coordinated by different
numbers of throats (Gao et al., 2012; Jivkov et al., 2013). These can
be obtained in structures with distinguishable pores and pore
throats.
For porousmedia withmacro-porosity, typically above 100 nm such
as sandstone and limestone, the throat and pore sizes distribution can
be resolved as well as the coordination spectra and the average coordi-
nation numbers can be calculated (Al-Raoush andWillson, 2005; Dong
and Blunt, 2009). In such cases, topologically representative networks
can be constructed by a system of pores and throats connecting all
neighbouring pores, and subsequent elimination of throats to achieve
the topological constraints. This has been illustrated for average
Fig. 1. Unit cell shapes: (a) cubic lattice with a constant coordination number of six (Ioannidis and Chatzis, 1993b; Reeves and Celia, 1996); (b) cubic lattice with 26 pore coordination
number (Raoof and Hassanizadeh, 2010a); (c) truncated octahedron (Jivkov et al., 2013; Xiong et al., 2014); (d) rhombic dodecahedron (Vogel and Roth, 2001).
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Hassanizadeh, 2010a), aswell as for full coordination spectra in a bi-reg-
ular lattice (Jivkov et al., 2013).
However, formicro- andmeso-porosity, e.g. below 100 nm, the pore
size distribution can usually be determined, but the resolution of the ex-
perimental techniques is not sufﬁcient to segment all the throats and
calculate their sizes. For such cases, different approaches to pore net-
work construction are required. One possibility is to assume full connec-
tivity between neighbouring pores in a selected lattice, but control the
diffusivity of the throats through the sizes of the connected pores and
the size of the solute molecules (Xiong et al., 2014). This construction
leads to a model length scale dictated by the prescribed total porosity
and the assumption that pores are located at each lattice site. The ap-
proach was shown to provide insights into the effects of the structure
on diffusivity and the results correlated well with experimentally mea-
sured diffusion coefﬁcients (Xiong et al., 2014). This approach, however,
is not sufﬁcient to explain the variability in reported experimentalmea-
surements of diffusion coefﬁcients.
Clearly, the microstructure information used for the network con-
struction is derived from samples, which are different from the ones
used formeasurements of diffusion coefﬁcients. It is plausible, however,
to assume that the statistical part of this information, namely the distri-
bution of pore sizes, is not vastly different between samples of the samemedium. This implies that there is an effect of an additional geometrical
parameter on the measured coefﬁcients. It could be possible that a net-
work length scale that provides a constraint to the model rather than
being determined from total porosity and location of pores in all lattice
sites (Jivkov and Xiong, 2014).
The two approaches that tackle incomplete pore space information,
namely predeﬁned connectivity for calculable length scale (Xiong et al.,
2014), and undetermined length scale for realistic connectivity (Jivkov
and Xiong, 2014), suffer from the lack of an additional constraint. This
cannot be found from the pore space information and requires the con-
sideration of the solid phase structure, e.g. the shape and size distribu-
tion of mineral grains. A methodology for incorporating the structure
of the solid phase was then proposed which improves substantially
the realism of the constructed pore network, both in terms of geometry
and topology (Xiong and Jivkov, 2015). The proposed methodology is
conceptually different from previous works and it has the added beneﬁt
of constructing a PNM which can be paired directly to lattice models of
the solid phase, developed for analysis of damage evolution via micro-
cracking (Jivkov et al., 2012; Zhang and Jivkov, 2014). The approach is
conceptually similar to the dual models of pore spaces introduced by
Glantz and Hilpert (2007, 2008). This facilitates mechanistic investiga-
tions of combined mechanical-thermal-chemical-biological effects on
diffusivity.
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Despite the advances of pore scale modelling, the simulation of
transport properties in heterogeneous rocks still remains an open
issue due to the very broad pore size distributions in some porous
media. Such examples could be of considerable scientiﬁc and economic
importance including many types of carbonates, clay-rich sandstones
and clays. For example, carbonate reservoirs or tight gas sandstones
are very important for hydrocarbon extraction and CO2 sequestration.
The failure of simulating most classical empirical relations (e.g. the
Brooks–Corey parameterization of relative permeability and Archie's
law for electrical behaviour) in these rocks due to the interaction of
micro-and macro-porosity in turn has promoted the development of
modelling methods where multiple pore scales are coupled (Mehmani
and Prodanović, 2014). A short overview of existing two-scale pore net-
work models is presented here and illustrated in Fig. 2.
Jiang et al. (2013) developed a methodology to integrate networks
extracted from images at distinct length scales. The pore network
modelwas generated at each scale and thenwas integrated into a single
two-scale network by characterising the cross-scale connection struc-
ture between the two networks. The shortcoming of this method is
that it is computationally costly due to the number of network elementsFig. 2. Schematic depiction of existing DPNMmethods. In all ﬁgures, light grey represents a zone
al., 2015). (b) a lattice-basedmodelwith upscaledmicroporosity properties (Bekri et al., 2005).
into account (Bauer et al., 2012). (d) a model with connectivity added by the (upscaled) micro(Bultreys et al., 2015). Recognizing the computational problems when
single micro-pores are taken into account, Mehmani and Prodanović
(2014) proposed a two-scale pore network by the use of packing algo-
rithms. The macro-network is constructed by Delaunay tessellation of
the grain centres.Micro-porousnetworks are generated by downscaling
existing networks extracted from macro-pores. This approach was ca-
pable of investigating fundamental two-phase ﬂow properties of
multi-scale porous media and micro-porosity was able to act in series
(intergranular or pore-ﬁlling micro-porosity) and in parallel (intra-
granular or dissolution micro-porosity) to the macro-pores. However,
in the construction process, distorted pores were produced when
many small grains touched a large grain. A parameter, the ratio of the
macro to micro length scale, needs to be determined for micro-porous
regions from the measurements, which may be difﬁcult to perform.
Bultreys et al. (2015) developed a workﬂow to integrate networks of
macro-pores and micro-porous regions extracted from micro-CT im-
ages. This methodology allowed micro-porosity to act both in parallel
and in series with the macro-pore network. However, a representative
network for the micro-porosity is necessary. In addition, the pore net-
works from Jiang et al. (2013) and Bultreys et al. (2015) were based
on experimental data frommicro-CT imageswhich did not take into ac-
count the micro-pores that cannot be resolved by micro-CT. As theofmicroporosity. (a) amodelwith individualmicropores (Jiang et al., 2013; Prodanović et
(c) amodelwhich takes upscaledmicroporosity in parallelwithmacro-throats (dark grey)
porosity (Bultreys et al., 2015).
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the tortuosity of the connection and geometric details about the bulk of
the micro-porous cluster are neglected, which can lead to erroneous
local conductivities.
4. Applications
Pore network models have been used to explore reactive transport
processes, such as: adsorption (Acharya et al., 2005; Raoof et al.,
2013), dissolution/precipitation (Kang et al., 2010; Knutson et al.,
2001; Mehmani et al., 2012; Varloteaux et al., 2013; Zhou et al., 2000),
and biomass growth (Dupin et al., 2001a; Gharasoo et al., 2012;
Rosenzweig et al., 2013). In this section, we review some representative
applications of the PNM in these areas.
4.1. Adsorption
PNM has been widely used to study adsorption in porous media
which ﬁnds its relevance in many areas of science and engineering in-
cluding radioactive waste disposal (Xiong et al., 2016; Xiong et al.,
2014) and chromatographic separation processes (Câmara and Silva
Neto, 2009; Meyers and Liapis, 1999).
There are two principal ways to simulate adsorption in PNM. The
ﬁrst one entails decoupling of adsorption and transport into two sepa-
rate processes by the use of parameters associated with each process
calculated separately. Firstly, the convection-diffusion problem is solved
to obtain the concentration and ﬂow ﬁeld. This is governed by the fol-
lowing equations:
qij ¼
A2ijGij
μlij
pi−pj
 
ð1Þ
Vij
dcij
dt
¼ qij ci−c j
 þ DijAij
ci−c j
lij
ð2Þ
where Eq. (1) is the Hagen-Poiseuille law, appropriate for describing
ﬂow in pores (Jacob, 1972) and valid for laminar ﬂow; and Eq. (2) is the
classical convection-diffusion law. The equations are written for trans-
port through a throat connecting pores i and j, with length lij [L], and
cross section area Aij [L2]. In Eq. (1) qij [L3 T−1] is the total volumetric
ﬂow rate through the throat, pi and pj [ML−1 T−2] are pressures at
pores i and j, respectively, μ [ML−1 T−1] is the dynamic viscosity, and
Gij is a cross-section shape coefﬁcient: for circular, equilateral triangle
and square tube, Gij is 0.5, 0.6 and 0.5623 respectively (Patzek and
Silin, 2001). In Eq. (2) Vij [L3] is the throat volume, ci and cj [ML−3] are
concentrations at pores i and j, respectively, andDij [L2 T−1]is the throat
diffusivity.
Then, a sorption isotherm, which is assumed to belong to some class
of parameterized functions (Langmuir, Freundlich, Henry, etc.)with few
tuning parameters, is used to describe the adsorption of species onto the
walls. A coarse grained mathematical formula containing the sorption
isotherm is used to reﬂect the effects of sorption on the change of
pore sizes. For example, the adsorbate obstruction can be simulated by
reducing the throats radii as a function of the concentration of themov-
ing species (Meyers and Liapis, 1999; Xiong et al., 2016, 2014)
t2−2tRþ 8θRrM=3 ¼ 0 ð3Þ
where t is the thickness of the adsorbed layer, R is the throat radius,
rM is the radius of the diffusing species, and θ is the adsorption isotherm
(e.g. θij=kd ,ijcij, θij=acijb). Thus, the radius of a throat after adsorption at
given concentration, CA, and hence radius after adsorption, becomes
R⁎=R− t. Thus, the sorption is accounted for bymodifying the pore ge-
ometries according to the changed pore sizes. This procedure is iterated
until reaching a certain criteria of interest. Using this method, various
types of adsorption reactions can be studied, including linearequilibrium, nonlinear equilibrium (Meyers and Liapis, 1999; Xiong et
al., 2014) and heterogeneous adsorption in which the adsorption pa-
rameters are spatially varying (Xiong et al., 2016).
Sorption isotherms in the published literature, however, are deter-
mined from bulkmeasurements andmay not be appropriate for occlud-
ed regions within the pore space. Adsorption takes place at the water–
solid interface and is thus controlled by solute concentration in the
ﬂuid next to the solid grain in individual pores. The concentration
near the solid surface is different from the average concentrationwithin
the pore due to the development of concentration gradients within the
pore space. Simulationswith pore networkmodels are usually based on
the average concentration in individual pore throats. An alternativeway
is to simulate the adsorption in each pore element and then scale it up to
the whole pore network. This has been demonstrated by Raoof and
Hassanizadeh (2010b). They have performed pore-scale simulations
for a wide range of local-scale distribution coefﬁcients and Peclet num-
bers. These have provided relationships between the upscaled parame-
ters and underlying pore-scale parameters. Such relations are useful for
upscaling by means of a pore-network model. Raoof and Hassanizadeh
have shown also that even if there were equilibrium adsorption at the
pore wall (i.e. at the grain surface), one might need to employ a kinetic
description at larger scales. They have also shown this kinetic behaviour
through a volume averaging method, yielding very similar results for
theupscaled kinetic parameters. Fromupscaling, they have found a neg-
ligible dependency of effective adsorption rate coefﬁcients on pore
water velocity. This ﬁnding is in agreement with Zhang et al. (2008)
who has observed that upscaled sorption parameters are independent
of pore-water velocity. The ﬁndings, however, contradict some experi-
mental results, where kinetic adsorption–desorption coefﬁcients have
been shown to depended on velocity (Akratanakul et al., 1983;
Brusseau, 1992; Maraqa et al., 1999; Pang et al., 2002).
The second principal method for simulating adsorption in PNM is by
solving the advection-diffusion-sorption equation directly. The adsorp-
tion reactions include linear equilibrium (Raoof et al., 2013) and nonlin-
ear equilibrium (Acharya et al., 2005; Xiong et al., 2015). The equation
can be expressed as
Vij
dcij
dt
¼ Vijuij
ci−c j
lij
þ Fij−Sij
dsij
dt
ð4Þ
whereVijuij
ci−c j
lij
is the advection termwhich represents the effects of
velocity uij on particle transport, Fij ¼ AijDij d
2cij
dx2 is the diffusive term,
sij = sij (cij) [ML−2] is mass adsorbed per unit area of throat wall, Sij
[L2] is the throat surface area.
4.2. Dissolution and precipitation
Modelling of dissolution/precipitation is of high interest to applica-
tions such as CO2 geological storage, enhanced oil recovery and chemi-
cal degradation of the cement. For example, CO2 storage is one possible
method to reduce atmospheric emissions of CO2, and hence mitigates
climate change. Some CO2may dissolve in the resident brine and gener-
ates a weak acid after injection into the low-permeability caprock. The
acidic CO2-rich brine reacts with the host rock to produce solid carbon-
atewhich leads to precipitation process (Blunt et al., 2013). In enhanced
oil recovery, strong acid has been injected near the well to dissolve the
host rock and increase the reservoir permeability (Algive et al., 2010).
Accurately computing dissolution and precipitation processes involve
the development of advection, diffusion and reaction equations. In addi-
tion, for better estimation of the abovementioned process the following
also need to be accounted for: the heterogeneities in the porous media
(e.g. porosity, mineralogical and chemical compositions), geometrical
changes (i.e. pore and throat size changes), topological changes (i.e. in-
crease/decrease pore to pore connection) and the chemical gradient
ﬁled inside pores. This is due to the fact that mineral dissolution and
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media (Crandell et al., 2012).
Li et al. (2006) used a pore-scale networkmodel to simulate reaction
of kaolinite and anorthite during carbon sequestration. The processes of
diffusion, advection, aqueous reactions, dissolution and precipitation
were simulated in individual pores. The information was then
summarised and averaged over the network to obtain descriptions of
processes at the continuum scale. As previously observed, they showed
qualitatively that in situ reaction rates were signiﬁcantly different from
values found in batch lab reactors. Their network models, however,
were 3D regular lattices and not physically representative of the real
media, which made quantitative analysis challenging. Li et al. (2007)
further investigated the inﬂuence of the spatial distribution of mineral
species using hypothetical networks, while Kim et al. (2011) used net-
work models mapped from X-ray computed tomography (XCMT) of
real sandstones. They were able to determine the initial concentrations
of minerals in the porous medium from the XCMT images, which
allowed formore predictivemodelling. Kim et al. (2011) studied the re-
lationship of reaction rateswith kinetic rate and bulk ﬂow rate based on
previous work (Li et al., 2007, 2006). The reaction rates were found de-
pendent on ﬂow rates with an approximately power law relationship.
They noted that their models were limited by the size of the network
model. Notably, the effects of decreased throat conductivity as a result
of precipitation were not accounted for in their work. Thus the physical
change in porosity is lacking in the network ﬂow model due to surface
minerals dissolving or precipitating. These models, therefore, do not
capture the important topological changes that reactions produce and
the impact that such changesmay induce on upscaled reaction rates. Al-
gorithms for incorporating physical change, due to dissolution and pre-
cipitation, need to be included in themodels. Based on these limitations,
Kim and Lindquist (2013) further extended the work to consider geo-
metric changes (e.g. pore volume and reactive surface area) and topo-
logical changes, which opened new connections between porosity
features. When geometrical changes are included, the steady state,
core-scale reaction rates could not be directly used as input into larg-
er-scale simulations, as reactions are time dependent. The Nernst-
Planck (N-P) term in the governing transport equations, which ensures
the electrical neutrality when species of different charges diffuse at dif-
ferent rates, was also taken into account. The agreement between sim-
ulations with and without the N-P term improved as the ﬂow rate
decreased. In these studies, reactions far from equilibrium, such as anor-
thite reaction, and reactions close to equilibrium conditions, such as the
kaolinite reaction, were considered.
Algive et al. (2010) used a pore-scale model to simulate reactive
transport which caused precipitation in pores. The reactive transport
and structural modiﬁcations were treated separately and updated step
by step. The reactive transport was solved in each element of the pore
network. The mean concentration in each pore was used to determine
the effective parameters of themacroscopic reactive transport equation.
The different pore geometries were also considered for reactive trans-
port by using random walk techniques. Then the reactive transport
equation was solved analytically between the nodes of the regular lat-
tice network for the asymptotic regime and computed the node concen-
tration by a matrix inversion. Moreover, the system was based on the
assumption that it had nearly reached chemical equilibrium andmainly
focused on regular or periodic networks in one or two dimensions or
systems, where pore-to-pore heterogeneity was not taken into account.
Algive et al. (2012) developed a methodology to use a reactive pore
network model to extract upscaling factors to tie the pore-scale effects
of reactive transport to the core-scale values of permeability and poros-
ity. Theirwork simpliﬁed the geochemistry and transport by incorporat-
ing most geochemical dynamics and transport into dimensionless
variables and in doing so prevented a full description of the different
physical and chemical parameters. Mehmani et al. (2012) developed a
novel approach that coupled several pore-scale models using mortar
coupling domain decomposition to study the evolution ofprecipitation-induced cementation of calcite. They were able to study
large changes in permeability and porosity by coupling of 64 pore-
scale models (1 mm × 1 mm× 1 mm each) but with a limited descrip-
tion of the chemistry represented by two main parameters, the
Damkohler number (Da) and an “alpha” parameter which described
the deviation from equilibrium of the precipitation reaction. Nogues et
al. (2013) simulated carbonic acid-driven reactions in a 3-D network
of pores to predict the changes in permeability and porosity at continu-
um scale. The pore network structure was based on a statistical charac-
terisation of a synthetic microcomputed-tomography image of an
oolithic dolostone. Only physical heterogeneities were considered in
comparison to the work done by Kim et al. (Kim and Lindquist, 2013).
To account for the changes caused by dissolution and precipitation, a
mathematical construct was developed to modify the pore-pore con-
ductivities by relating these changes to changes in pore volumes. It is
important to note that while the surface area fractions assigned to dif-
ferent minerals do change, the model does not change the total surface
area. Because the reactions are modelled at equilibrium, the reaction
rate is independent of surface area. Thus the simulation results are neg-
ligibly affected in this situation. Thismodel analysed the effects of differ-
ent chemical, ﬂow and mixing conditions on permeability.
Raoof et al. (2013, 2012) employed a coupled Complex Pore Net-
work Model (CPNM) and Biogeochemical Reaction Network Simulator
(BRNS) to solve reactive transport by pore networks. CPNM reproduced
the microstructure of real porous media and calculated solute concen-
tration values for both pore bodies and pore throatswithin the pore net-
work. BRNS (Regnier et al., 2002) was responsible for handling a
comprehensive suite of multi-component complexion, mineral precipi-
tation and dissolution reactions, as well as reaction networks
characterised by multiple kinetic pathways. The evolution of porosity
and permeability was discussed in this work as well. In BRNS the pro-
cesses of dissolution/precipitation were simulated by changes of radius
of pores and throats, while the effects of opening/clogging pores/throats
were not considered.
All modelling approaches mentioned above involve the assumption
that mass transfer within the pore is not limited, and that the regular
geometric solid-ﬂuid interface and the aqueous concentrations are spa-
tially uniformwithin a pore. Based on that, the pore networkmodels do
not resolve chemical gradients within pores and also for each single
pore the average values for physical/chemical properties were used.
The accuracy of this assumption in computing reactive ﬂow requires
further investigation.
4.3. Biomass growth
Biomass growthwithin porousmedia is of particular interest in a va-
riety of industrial scenarios such as microbial enhanced oil recovery
(Ezeuko et al., 2011), bioremediation of contaminated soil and water
(Cunningham et al., 1991) and nuclear waste disposal. As the mass of
the microorganisms grows, hydrodynamic properties of porous media
change (Rolland du Roscoat et al., 2014; Stewart and Scott Fogler,
2002; Taylor and Jaffé, 1990). The relevance of PNM to bioﬁlm growth
modelling comes from the fact that the biomass is not homogeneously
dispersed within the porous media and hence continuum models fail
to adequately represent this pore-scale phenomena and its effect on
the macroscopic properties of the media.
The morphology of biomass growth in porous media depends
strongly on the structure of the porous medium, bacteria species and
the prevailing hydrodynamic and nutritional conditions. Wimpenny et
al. presented a good review of the factors affecting bioﬁlm formation
(Wimpenny et al., 2000). Three principal morphologies have been re-
ported in the literature: ﬂat and uniformly thick bioﬁlms, mushroom-
shaped structures and streamers (Stoodley et al., 1999). Only the ﬁrst
two, however, have signiﬁcant relevance to porous media since
streamers generally occur at turbulent ﬂow conditions. The most com-
monly modelled growth mode is a continuous layer on the surface of
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mass does not cover the entire surface of the soil grains, and thus
microcolonies, i.e., a patchy bioﬁlm, develop (Molz et al., 1986). In
other cases, biomass grows in pores in the form of aggregates
(Vandevivere and Baveye, 1992). When fungal growth occurs, mycelia
can develop throughout the entire pore volume and envelop several
soil grains (Dupin and McCarty, 2000). These forms of biomass growth
can occur simultaneously (Dupin andMcCarty, 2000). Bioﬁlmmorphol-
ogy is important because it results in different clogging mechanisms.
Rittmann (1993) noted that the difference between ﬂat bioﬁlms, and
aggregate growth is crucial to model permeability reduction. It takes
less biomass to plug a pore if it forms aggregates as opposed to contin-
uous bioﬁlms. Therefore,mushroom-shaped colonies have the potential
to generate larger permeability reductions in comparison to theuniform
bioﬁlm morphology (Thullner, 2010).
The development of robust methods to engineer bioﬁlms in porous
media requires predictivemathematical models capable of determining
the evolution of bioﬁlms under different ﬂow conditions. However, re-
ported studies of bioﬁlm evolution in micro models have revealed that
the structural complexity of bioﬁlms entrapped in a complex pore
space makes accurate modelling difﬁcult (Dupin and McCarty, 2000;
Kim and Fogler, 2000). Several pore level models for bioﬁlm growth
under ﬂow conditions have been developed by adopting different ap-
proaches. They include lattice Boltzmann-based models (Pintelon et
al., 2009, 2012), bacterial cell level individual-based models (Kreft et
al., 2001; Picioreanu et al., 2004), and Pore Network Models (PNMs)
(Kim and Fogler, 2000; Stewart and Kim, 2004; Suchomel et al., 1998;
Thullner and Baveye, 2008). Ezeuko et al. modelled bioﬁlm evolution
in porousmedia using a newPNM that includes hydrodynamics and nu-
trient transport based on coupling of advective transport with Fickian
diffusion, and a reaction term to account for nutrient consumption. Spe-
ciﬁcally, the PNM is used to examine the inﬂuence of bioﬁlm formation
on the hydraulic properties of porous media. In PNM models, pore ge-
ometries can range from a simple circular cylinder through to compli-
cated voxel-by-voxel pore reconstructions from thin sections or
micro-tomographical data. The PNM approach facilitates simulations
of important processes by adopting simpliﬁed but realistic pore geome-
tries while allowing implementations of other pore level physics and ki-
netics relevant to the process of interest (Ezeuko et al., 2011).
Or and Tuller (2000) used the classic capillary tube model to repre-
sent the soil pores (i.e., the pores are simulated as a bundle of capillary
tubes of different diameters) and studied ﬂow in unsaturated fractured
porous media. The analysis showed that the bioﬁlm spatial distribution
within the pore space has a signiﬁcant effect on the hydraulic properties
of the soil. Although the capillarymodel iswidely used and is easy to ob-
tain, it has a few shortcomings, primarily the over simplistic assumption
regarding the binary nature of the pores (i.e., each pore is either
completely water-ﬁlled or completely empty under a prescribed matric
head). Moreover, the lack of pores connectivity and the unrealistic cy-
lindrical geometry of the capillaries further reduce the model efﬁciency
in determining soil hydraulic properties (Or and Tuller, 2000). Or and
Tuller (2000) suggested to model the soil-pores by using channels hav-
ing a triangular cross-section. The channels can be either water-ﬁlled
(for saturated ﬂow) or partially-ﬁlled (for unsaturated ﬂow), where
thewater-ﬁlled fraction is related to thematric head through the curva-
ture of thewater surface. The lack of pore connectivity can be especially
signiﬁcant when dealing with bioﬁlms. Thullner et al. (2004, 2002)
showed that under saturated conditions, modelling the pores as one-di-
mensional capillary tubes could not reproduce connectivity-related ef-
fects. These effects, such as ﬂow bypasses generated from preferential
bioﬁlm growth, were demonstrated in experiments and were success-
fully reproduced using pore-networkmodels. Rosenzweig et al. extend-
ed Or and Tuller (2000) concept and propose a framework in which the
soil pores are simulated as a network of channels having a triangular
cross-section. The representation of the soil pores by a network of trian-
gular channels is superior to the capillary model in two aspects. Iteliminates the binary (full/empty) behaviour and takes into account
inter-pore connectivity. Furthermore, it provides basis on simulating
the combined water ﬂow, solute transport and bioﬁlm growth under
variably saturated conditions (Rosenzweig et al., 2013).
The coupled water ﬂow, substrate transport, and bioﬁlm growth
under saturated conditions has been studied by several researchers by
using pore network models (Dupin et al., 2001b; Kim and Fogler,
2000; Suchomel et al., 1998; Thullner and Baveye, 2008; Thullner et
al., 2002). To study the effects of bioﬁlm on porous media, the pore net-
work models were built either of lattices of cylindrical tubes (Kim and
Fogler, 2000; Suchomel et al., 1998; Thullner and Baveye, 2008), or
two-dimensional channels (Dupin et al., 2001b). The bioﬁlm was
modelled as either a continuous layer coating pore walls (Suchomel et
al., 1998; Thullner and Baveye, 2008; Thullner et al., 2002) or as isolated
microcolonies (Dupin et al., 2001b; Thullner et al., 2002). As biomass
growth depends on the environmental conditions and the type of bacte-
ria, it is problematic to represent this accumulation appropriately in
terms of its effect on porosity and permeability reductions. No univer-
sally applicable model has been developed for saturated porous media
systems. Moreover, no attempts have been made to develop a model
that is applicable to both saturated and unsaturated systems. This situ-
ation could be particularly relevant to conditions that trigger gas gener-
ation as a result of bacterial metabolic processes. Gas bubble formation
and entrapment could also severely block the pore space. It is usually
characteristic of denitrifying andmethanogenic conditionswhere nitro-
gen (Soares et al., 1991) and methane gas (Beckwith and Baird, 2001)
production is observed but not exclusively as CO2 and other gases are
produced as part of the metabolic processes of different species. Unsat-
urated conditions are crucial for understanding the ﬂow and transport
in environments such as groundwater recharge basins, bioremediation
sites, and efﬂuent irrigated ﬁelds. However, very few pore network
models have been used to study the bioﬁlm morphology under unsatu-
rated conditions (Rosenzweig et al., 2013). Rosenzweig et al. proposed a
pore networkmodel of triangular channels to simulate variably saturat-
ed ﬂows in bioﬁlm-affected porous media. The effects of bioﬁlm on the
hydraulic properties of the network are demonstrated by examining
three scenarios for the bioﬁlm pore-scale morphology including plug
(or microcolony) morphology and a uniform bioﬁlm layer
(Rosenzweig et al., 2013). The simulations demonstrated that the effect
of bioﬁlms on the hydraulic properties of the network is a complicated
and nonlinear function that depends not only on the bioﬁlm scenario
but also on the saturation.
A signiﬁcant assumption in most existing bioﬁlm simulation models
is that bioﬁlm-occupied regions are impermeable and that nutrient pro-
vision within the bioﬁlm is purely as a result of diffusion. However, ex-
perimental studies have demonstrated that bioﬁlmmorphology is often
extremely heterogeneous and can contain voids (e.g., (Flemming et al.,
2000)). As a result, bioﬁlms are not fully impermeable and can contain
a signiﬁcant amount of both static and dynamic water (Flemming et
al., 2000). In the absence of bioﬁlm detachment, the effect of permeabil-
ity is only relevant when bioﬁlm growth is nutrient mass transfer limit-
ed. Such conditions are prominent in subsurface conditions (Kim and
Fogler, 2000) and are very relevant to bio-barrier scenarios where
thick bioﬁlms are desirable for permeability reduction. Thullner et al.
studied the effects of permeability of bioﬂims on the hydraulic conduc-
tivity of porous media by pore network models (Thullner and Baveye,
2008). The computational pore network model consisted of cylindrical
pores which were arranged in an orthogonal array in two or three di-
mensions. The nodes connecting adjacent pores are assumed to be
volumeless. The bioﬁlm is viewed as homogeneous with regard to its
hydraulic and biological characteristics in the model. In each pore, mi-
crobial activity is assumed to take place exclusively within the bioﬁlm.
This model was able to simulate reductions of the hydraulic conductiv-
ity of the pore networks by two to three orders ofmagnitudes. These re-
ductions are in good agreement with laboratory experiments with san
columns or ﬁeld situations (Thullner and Baveye, 2008). The amount
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processes inside the bioﬁlm, and detachment of biomass due to shear
forces. However, few pore network models simulate all the biomass
growth or surface attachment mechanisms.
5. Discussion and conclusions
The paper reviewed three aspects of pore network modelling: main
experimental techniques for characterisation of pore spaces; main
methods for construction of pore networks reﬂecting available pore
space characteristics; and application of pore network models to analy-
sis of phenomena, which have not been covered in previous reviews –
sorption, dissolution and bioﬁlm growth – but have increasing techno-
logical and scientiﬁc importance. The works reviewed demonstrate
that pore networkmodelling is an efﬁcient and useful approach to anal-
ysis of reactive transport at the meso-scale, less computationally de-
manding than direct methods and able to incorporate heterogeneity
within larger rock volumes.
Inmany practical cases, themain source of uncertainty in pore space
characterisation is theﬁnite resolution of the imaging techniques. These
contain a hierarchy of pores from nanometres to micrometres. The un-
certainties could arise fromhardware limitations or from compromising
resolution to capture heterogeneities. The errorsmay arise from the rel-
atively sparse numerical grid of the imaging techniques, whereby de-
tails of the structure, e.g. very narrow passages in the porous space
and surface roughness of ﬁbres, may not be reproduced by the images.
Furthermore, the results for each individual sample may be affected
by the methods used to minimize or remove noise and other artefacts
present in the original reconstructed images. These are themain factors
that currently limit the applicability of the imaging techniques especial-
ly for ﬁne-structuredmaterials. The limitation is particularly relevant to
materials with tight pore spaces, such as clays and cement-basedmate-
rials. For example in concrete, the so-called air porosity can be resolved
by existing methods, but appears as disconnected set of pores. The
transport pathways are formed by the gel porosity of the cement, as
well as along the so-called interfacial transitions zones between cement
and aggregates, the connectivity of which is not resolvable with the cur-
rent techniques. Similar is the situation with compacted clays. In such
cases, the connectivity of the transport pathways needs to be assumed
and tested against macroscopic transport experiments until suitable
connectivity is found (Xiong et al., 2015, 2016).
In addition to numerical uncertainties arising from discretisation
and image quality discussed above, this deviation includes statistical
variation arising from relatively small size and low number of samples
used in computation. In principle, the accuracy can be improved by
using higher resolution images and better statistics. The former condi-
tion may become feasible with the present rapid development of imag-
ing techniques. The latter can be obtained by larger size or larger
number of samples. Clearly, these improvements come with the cost
of higher computational effort, which, however, does not appear critical
from the point of view of applicability of themethod. Another approach
for overcoming the above mentioned problems is to use a combination
of different techniques such as FIB/SEM, nitrogen adsorption and FIB
(Keller et al., 2013).
It must be noted that pore network modelling is conceptually scale
indifferent, i.e. the approach can be applied to any length interval,
where the structure of the pore space has been experimentally observed
and analysed. For example if a particular experimental technique allows
for characterising pore features of sizes between 0.1 μmand10 μm, then
the corresponding PNM will take these into account. The elements of
PNM, sites and bonds, are abstract and can be related to themeasurable
features in different ways depending on the available information. The
individual pore networks can be extracted at each length scale and
then integrated into a single multi-scale network by characterising the
cross-scale connection structure between these networks (Bultreys et
al., 2015; Jiang et al., 2013).Pore network models have been proven to be an effective research
tool to upscale reactive transport processes from the local scale to the
continuum scale. The microscopic dynamics can be understood best at
the scale of individual pores. It is challenging to directly correlate results
obtained from pore scale simulations to improve quantitative predic-
tions based on large-scale simulations. However, the results obtained
from pore scale investigations contribute to the understanding of
large-scale natural processes and improve large scale geotechnical ap-
plications. It is well known that some large scale reactive process may
be difﬁcult to predict or explain unless there is a well deﬁned experi-
ment that has been used to study it precisely. Pore network models
allow for bridging the gap between laboratory simulations and larger
scale transport. Although pore scale is difﬁcult to evaluate with tradi-
tional experimental studies, detailed investigations allow for the identi-
ﬁcation of important pore-structure details that are essential and
control the reactive transport processes at the engineering/continuum
scale.
It should be mentioned that, in spite of the attractiveness and suc-
cessful applications of pore network models, as any other numerical
method they have certain limitations. First of all, successful simulation
of transport requires adequate representation of the real porous
media. Pore network models usually simplify the geometry of the pore
space and sometimes cannot capture all characteristics due to lack of
resolution in most simulations. Whether the pore networks could rea-
sonably predict single and multi phase properties depends on whether
all relevant details are identiﬁed and included. In many systems, the
very small pores below the image resolution make a little contribution
to the overall behaviour. In these cases, transport properties are well
predicted when the principal connected pore space is modelled, while
the smaller pores could be neglected. Otherwise, assumptions are re-
quired. Secondly, the detailed microscopic features, such as the exact
molecular structures and intermolecular interactions cannot be repre-
sented explicitly in pore network models. Therefore, in such situations,
many approaches have been developed to study upscaling reactive
transport in porous media (Algive et al., 2010; Li et al., 2006;
Varloteaux et al., 2013). Reactive transport processes are simulated at
the pore scale, which allows for incorporation of physical and chemical
effects' rate variations from pore to pore. The reactive transport is then
upscaled from the pore scale to a heterogeneous porous medium with
the aid of a sufﬁciently large three-dimensional pore network model.
The PNM is used to determine the phenomenological transport coefﬁ-
cients and the porosity/permeability relationship, which can be used
as inputs in reservoir scale simulation (Algive et al., 2010; Li et al.,
2006; Varloteaux et al., 2013). The strength of the pore networkmodels
is that they can be developed elegantly to study the effect of pore space
changingmechanisms. Inmost simulations of pore-scalemass transport
the pore geometry is assumed to be constant, apart from the effects of
reaction. However, in many important geo-systems the conﬁning ge-
ometry changes slowly as a result of processes such as pressure solution
(Tada and Siever, 1989) or rapidly because of fracturing and changes in
pore pressure ormatrix stress. It is important to include the coupling be-
tween diffusion and geo-mechanical processes for a number of impor-
tant applications including oil recovery and carbon dioxide
sequestration.
Modelling and simulation of mineral precipitation and dissolution
on the pore-scale have not been subjects to extensive research in the
geo-science community. In particular, most simulations have employed
very simple models for dissolution and/or precipitation chemistry, and
there has been little, if any, work on chemical processes coupled with
multiphase diffusion. It is believed that this situation is likely to change
rapidly. There is strong motivation for such simulations for both scien-
tiﬁc discovery and practical applications. Furthermore, the simulated re-
sults are usually compared with experimental data, which will not give
the same results realistically. For example, in the reactive diffusion, a
small change in the pore space geometry can lead to a large change in
the ﬂuid-solid interface. Similarly, micro-scale roughness and trace
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ments. Consequently, experimental validation of computer models for
reactive transport in porousmediamust be based primarily on the com-
parison of statisticalmeasures such as correlation functions, saturations,
etc.
Acknowledgements
Xiong acknowledges gratefully the support of the President of The
University of Manchester through the Doctoral Award Scheme. Baychev
acknowledges the support of EPSRC via Nuclear FiRST Doctoral Training
Centre, Grant EP/G037140/1. Jivkov acknowledges the support of EPSRC
via grant EP/K016946/1, “Graphene-based membranes”, of EdF R&D for
theModelling & Simulation Centre, and of BNFL for the Research Centre
for Radwaste & Decommissioning.
References
Abichou, T., Benson, C.H., Edil, T.B., 2004. Network model for hydraulic conductivity of
sand-bentonite mixtures. Can. Geotech. J. 41 (4), 698–712.
Acharya, R., Van der Zee, S., Leijnse, A., 2005. Transport modeling of nonlinearly adsorbing
solutes in physically heterogeneous pore networks. Water Resour. Res. 41 (2).
Adler, P., Thovert, J.-F., 1998. Real porous media: local geometry and macroscopic proper-
ties. Appl. Mech. Rev. 51 (9), 537–585.
Akratanakul, S., Boersma, L., Klock, G., 1983. Sorption processes in soils as inﬂuenced by
pore water velocity: 2. Experimental results. Soil Sci. 135 (6), 331–341.
Al-Gharbi, M.S., Blunt, M.J., 2005. Dynamic network modeling of two-phase drainage in
porous media. Phys. Rev. E 71 (1), 016308.
Algive, L., Bekri, S., Vizika, O., 2010. Pore-network modeling dedicated to the determina-
tion of the petrophysical-property changes in the presence of reactive ﬂuid. SPE J. 15
(03), 618–633.
Algive, L., Békri, S., Nader, F.H., Lerat, O., Vizika, O., 2012. Impact of diagenetic alterations
on the petrophysical and multiphase ﬂow properties of carbonate rocks using a reac-
tive pore networkmodeling approach. Oil & Gas Science and Technology–Revue d’IFP
Energies nouvelles 67 (1), 147–160.
Al-Kharusi, A.S., Blunt, M.J., 2007. Network extraction from sandstone and carbonate pore
space images. J. Pet. Sci. Eng. 56 (4), 219–231.
Al-Raoush, R., Willson, C., 2005. Extraction of physically realistic pore network properties
from three-dimensional synchrotron X-ray microtomography images of unconsoli-
dated porous media systems. J. Hydrol. 300 (1), 44–64.
Al-Raoush, R., Thompson, K., Willson, C.S., 2003. Comparison of network generation tech-
niques for unconsolidated porous media. Soil Sci. Soc. Am. J. 67 (6), 1687–1700.
Ams, C.H., Knackstedt, M.A., Val Pinczewski, W., Martys, N.S., 2004. Virtual permeametry
on microtomographic images. J. Pet. Sci. Eng. 45 (1–2), 41–46.
Appelo, C.A.J., Van Loon, L.R., Wersin, P., 2010. Multicomponent diffusion of a suite of
tracers (HTO, Cl, Br, I, Na, Sr, Cs) in a single sample of Opalinus Clay. Geochim.
Cosmochim. Acta 74 (4), 1201–1219.
Aytas, S., Yurtlu, M., Donat, R., 2009. Adsorption characteristic of U(VI) ion onto thermally
activated bentonite. J. Hazard. Mater. 172 (2–3), 667–674.
Bakke, S., Oren, P.-E., 1997. 3-D pore-scale modelling of sandstones and ﬂow simulations
in the pore networks. Spe J.-Richardson- 2, 136–149.
Baldwin, C.A., Sederman, A.J., Mantle, M.D., Alexander, P., Gladden, L.F., 1996. Determina-
tion and characterization of the structure of a pore space from 3D volume images.
J. Colloid Interface Sci. 181 (1), 79–92.
Balhoff, M.T., Wheeler, M.F., 2009. A predictive pore-scale model for non-Darcy ﬂow in
porous media. SPE J. 14 (04), 579–587.
Barrett, E.P., Joyner, L.G., Halenda, P.P., 1951. The determination of pore volume and area
distributions in porous substances. I. Computations from nitrogen isotherms. J. Am.
Chem. Soc. 73 (1), 373–380.
Bauer, D., et al., 2012. Improving the estimations of petrophysical transport behavior of
carbonate rocks using a dual pore network approach combined with computed
microtomography. Transp. Porous Media 94 (2), 505–524.
Beckwith, C.W., Baird, A.J., 2001. Effect of biogenic gas bubbles on water ﬂow through
poorly decomposed blanket peat. Water Resour. Res. 37 (3), 551–558.
Bekri, S., Laroche, C., Vizika, O., 2005. Pore networkmodels to calculate transport and elec-
trical properties of single or dual-porosity rocks. International Symposium of the So-
ciety of Core Analysts, Toronto.
Bhattad, P., Willson, C.S., Thompson, K.E., 2011. Effect of network structure on character-
ization and ﬂow modeling using X-ray micro-tomography images of granular and ﬁ-
brous porous media. Transp. Porous Media 90 (2), 363–391.
Biswal, B., Manwart, C., Hilfer, R., Bakke, S., Øren, P., 1999. Quantitative analysis of exper-
imental and synthetic microstructures for sedimentary rock. Physica A 273 (3),
452–475.
Blümich, B., Casanova, F., Appelt, S., 2009. NMR at low magnetic ﬁelds. Chem. Phys. Lett.
477 (4), 231–240.
Blunt, M.J., King, M.J., Scher, H., 1992. Simulation and theory of two-phase ﬂow in porous
media. Phys. Rev. A 46 (12), 7680.
Blunt, M.J., Jackson, M.D., Piri, M., Valvatne, P.H., 2002. Detailed physics, predictive capa-
bilities and macroscopic consequences for pore-network models of multiphase
ﬂow. Adv. Water Resour. 25 (8), 1069–1089.Blunt, M.J., et al., 2013. Pore-scale imaging and modelling. Adv. Water Resour. 51,
197–216.
Boult, K., et al., 1998. Towards an understanding of the sorption of U (VI) and Se (IV) on
sodium bentonite. J. Contam. Hydrol. 35 (1), 141–150.
Bourg, I.C., Bourg, A.C.M., Sposito, G., 2003. Modeling diffusion and adsorption in
compacted bentonite: a critical review. J. Contam. Hydrol. 61 (1–4), 293–302.
Bourg, I.C., Sposito, G., Bourg, A.C., 2006. Tracer diffusion in compacted, water-saturated
bentonite. Clay Clay Miner. 54 (3), 363–374.
Bradbury, M.H., Baeyens, B., 2003. Porewater chemistry in compacted re-saturatedMX-80
bentonite. J. Contam. Hydrol. 61 (1), 329–338.
Broekhoff, J., De Boer, J., 1967. Studies on pore systems in catalysts: IX. Calculation of pore
distributions from the adsorption branch of nitrogen sorption isotherms in the case of
open cylindrical pores A. Fundamental equations. J. Catal. 9 (1), 8–14.
Brunauer, S., Emmett, P.H., Teller, E., 1938. Adsorption of gases in multimolecular layers.
J. Am. Chem. Soc. 60 (2), 309–319.
Brusseau, M.L., 1992. Nonequilibrium transport of organic chemicals: the impact of pore-
water velocity. J. Contam. Hydrol. 9 (4), 353–368.
Bryant, S.L., Blunt, M.J., 1992. Prediction of relative permeability in simple porous media.
Phys. Rev. A 46 (4), 2004.
Bryant, S.L., King, P.R., Mellor, D.W., 1993a. Networkmodel evaluation of permeability and
spatial correlation in a real random sphere packing. Transp. Porous Media 11 (1),
53–70.
Bryant, S.L., Mellor, D.W., Cade, C.A., 1993b. Physically representative network models of
transport in porous media. AICHE J. 39 (3), 387–396.
Bryntesson, L.M., 2002. Pore network modelling of the behaviour of a solute in chroma-
tography media: transient and steady-state diffusion properties. J. Chromatogr. A
945 (1), 103–115.
Bultreys, T., Van Hoorebeke, L., Cnudde, V., 2015. Multi-scale, micro-computed tomogra-
phy-based pore network models to simulate drainage in heterogeneous rocks. Adv.
Water Resour. 78, 36–49.
Callaghan, P.T., 1993. Principles of Nuclear Magnetic Resonance Microscopy. Oxford Uni-
versity Press on Demand.
Câmara, L.D.T., Silva Neto, A.J., 2009. Network modeling of chromatography by stochastic
phenomena of adsorption, diffusion and convection. Appl. Math. Model. 33 (5),
2491–2501.
Cazorla-Amorós, D., Alcaniz-Monge, J., De la Casa-Lillo, M., Linares-Solano, A., 1998. CO2 as
an adsorptive to characterize carbon molecular sieves and activated carbons. Lang-
muir 14 (16), 4589–4596.
Christenson, H.K., 2001. Conﬁnement effects on freezing and melting. J. Phys. Condens.
Matter 13 (11), R95.
Coelho, D., Thovert, J.-F., Adler, P., 1997. Geometrical and transport properties of random
packings of spheres and aspherical particles. Phys. Rev. E 55, 1959–1978.
Crandell, L.E., Peters, C.A., Um, W., Jones, K.W., Lindquist, W.B., 2012. Changes in the pore
network structure of Hanford sediment after reaction with caustic tank wastes.
J. Contam. Hydrol. 131 (1–4), 89–99.
Cunningham, A.B., Characklis, W.G., Abedeen, F., Crawford, D., 1991. Inﬂuence of bioﬁlm
accumulation on porous media hydrodynamics. Environ. Sci. Technol. 25 (7),
1305–1311.
Curtis, M.E., Ambrose, R.J., Sondergeld, C.H., 2010. Structural characterization of gas shales
on the micro- and nano-scales. Canadian Unconventional Resources and Internation-
al Petroleum Conference. Society of Petroleum Engineers.
De Josselin de Jong, G., 1958. Longitudinal and transverse diffusion in granular deposits.
Trans. Am. Geophys. Union 39, 67–74.
Dillard, L.A., Blunt, M.J., 2000. Development of a pore network simulation model to study
nonaqueous phase liquid dissolution. Water Resour. Res. 36 (2), 439–454.
Dong, H., Blunt, M.J., 2009. Pore-network extraction from micro-computerized-tomogra-
phy images. Phys. Rev. E 80 (3), 036307.
Dupin, H.J., McCarty, P.L., 2000. Impact of colonymorphologies and disinfection on biolog-
ical clogging in porous media. Environ. Sci. Technol. 34 (8), 1513–1520.
Dupin, H.J., Kitanidis, P.K., McCarty, P.L., 2001a. Pore-scale modeling of biological clogging
due to aggregate expansion: a material mechanics approach. Water Resour. Res. 37
(12), 2965–2979.
Dupin, H.J., Kitanidis, P.K., McCarty, P.L., 2001b. Simulations of two-dimensional modeling
of biomass aggregate growth in network models. Water Resour. Res. 37 (12),
2981–2994.
Ezeuko, C., Sen, A., Grigoryan, A., Gates, I., 2011. Pore-network modeling of bioﬁlm evolu-
tion in porous media. Biotechnol. Bioeng. 108 (10), 2413–2423.
Fatt, I., 1956. The network model of porous media. Trans. AIME 207, 144–159.
Fenwick, D., Blunt, M.J., 1998. Network modeling of three-phase ﬂow in porous media.
SPE J. 3 (1), 86–96.
Flemming, H.-C., Szewzyk, U., Griebe, T., 2000. Bioﬁlms: Investigative Methods and Appli-
cations. CRC Press.
Gao, S., Meegoda, J.N., Hu, L., 2012. Two methods for pore network of porous media. Int.
J. Numer. Anal. Methods Geomech. 36 (18), 1954–1970.
Gharasoo, M., Centler, F., Regnier, P., Harms, H., Thullner, M., 2012. A reactive transport
modeling approach to simulate biogeochemical processes in pore structures with
pore-scale heterogeneities. Environ. Model. Softw. 30, 102–114.
Ghassemi, A., Pak, A., 2011. Pore scale study of permeability and tortuosity for ﬂow
through particulate media using lattice Boltzmann method. Int. J. Numer. Anal.
Methods Geomech. 35 (8), 886–901.
Giesche, H., 2006. Mercury porosimetry: a general (practical) overview. Part. Part. Syst.
Charact. 23 (1), 9–19.
Glantz, R., Hilpert, M., 2007. Dual models of pore spaces. Adv. Water Resour. 30 (2),
227–248.
Glantz, R., Hilpert, M., 2008. Tight dual models of pore spaces. Adv. Water Resour. 31 (5),
787–806.
115Q. Xiong et al. / Journal of Contaminant Hydrology 192 (2016) 101–117Groen, J.C., Peffer, L.A., Pérez-Ramı́rez, J., 2003. Pore size determination inmodiﬁedmicro-
and mesoporous materials. Pitfalls and limitations in gas adsorption data analysis.
Microporous Mesoporous Mater. 60 (1), 1–17.
Hao, L., Cheng, P., 2010. Pore-scale simulations on relative permeabilities of porous media
by lattice Boltzmann method. Int. J. Heat Mass Transf. 53 (9), 1908–1913.
Hazlett, R., 1995. Simulation of capillary-dominated displacements in microtomographic
images of reservoir rocks. Transp. Porous Media 20 (1–2), 21–35.
Hilfer, R., 1991. Geometric and dielectric characterization of porousmedia. Phys. Rev. B 44
(1), 60.
Horvath, G., Kawazoe, K., 1983. Method for the calculation of effective pore size distribu-
tion in molecular sieve carbon. J. Chem. Eng. Jpn 16 (6), 470–475.
Hui, M.-H., Blunt, M.J., 2000. Effects of wettability on three-phase ﬂow in porous media.
J. Phys. Chem. B 104 (16), 3833–3845.
Ioannidis, M.A., Chatzis, I., 1993a. A mixed-percolation model of capillary hysteresis and
entrapment in mercury porosimetry. J. Colloid Interface Sci. 161 (2), 278–291.
Ioannidis, M.A., Chatzis, I., 1993b. Network modelling of pore structure and transport
properties of porous media. Chem. Eng. Sci. 48 (5), 951–972.
Ioannidis, M., Chatzis, I., 2000. On the geometry and topology of 3D stochastic porous
media. J. Colloid Interface Sci. 229 (2), 323–334.
Jacob, B., 1972. Dynamics of Fluids in Porous Media. American Elsevier.
Jiang, Z., et al., 2007. Efﬁcient extraction of networks from three-dimensional porous
media. Water Resour. Res. 43 (12).
Jiang, Z., Dijke, M., Sorbie, K., Couples, G., 2013. Representation of multiscale heterogene-
ity via multiscale pore networks. Water Resour. Res. 49 (9), 5437–5449.
Jivkov, A.P., Olele, J.E., 2012. Novel lattice models for porous media. MRS Proceedings.
Cambridge Univ Press (pp. imrc11-1475-nw35-o62).
Jivkov, A.P., Xiong, Q., 2014. A network model for diffusion in media with partially resolv-
able pore space characteristics. Transp. Porous Media 105 (1), 83–104.
Jivkov, A.P., Gunther, M., Travis, K.P., 2012. Site-bond modelling of porous quasi-brittle
media. Mineral. Mag. 76 (8), 2969–2974.
Jivkov, A.P., Hollis, C., Etiese, F., McDonald, S.A., Withers, P.J., 2013. A novel architecture for
pore network modelling with applications to permeability of porousmedia. J. Hydrol.
486, 246–258.
Kang, Q., Lichtner, P.C., Viswanathan, H.S., Abdel-Fattah, A.I., 2010. Pore scale modeling of
reactive transport involved in geologic CO2 sequestration. Transp. Porous Media 82
(1), 197–213.
Keller, L.M., et al., 2011. On the application of focused ion beam nanotomography in char-
acterizing the 3D pore space geometry of Opalinus clay. Phys. Chem. Earth A/B/C 36
(17), 1539–1544.
Keller, L.M., et al., 2013. Characterization of multi-scale microstructural features in
Opalinus Clay. Microporous Mesoporous Mater. 170, 83–94.
Ketcham, R.A., Carlson, W.D., 2001. Acquisition, optimization and interpretation of X-ray
computed tomographic imagery: applications to the geosciences. Comput. Geosci.
27 (4), 381–400.
Kikkinides, E., Politis, M., 2014. Linking pore diffusivity with macropore structure of zeo-
lite adsorbents. Part II: simulation of pore diffusion and mercury intrusion in stochas-
tically reconstructed zeolite adsorbents. Adsorption 20 (1), 21–35.
Kim, D.-S., Fogler, H.S., 2000. Biomass evolution in porous media and its effects on perme-
ability under starvation conditions.
Kim, D., Lindquist, W.B., 2013. Effects of network dissolution changes on pore‐to‐core
upscaled reaction rates for kaolinite and anorthite reactions under acidic conditions.
Water Resour. Res. 49 (11), 7575–7586.
Kim, D., Peters, C., Lindquist, W., 2011. Upscaling geochemical reaction rates accom-
panying acidic CO2-saturated brine ﬂow in sandstone aquifers. Water Resour.
Res. 47 (1).
Knackstedt, M.A., Sheppard, A.P., Pinczewski, W., 1998. Simulation of mercury
porosimetry on correlated grids: Evidence for extended correlated heterogeneity at
the pore scale in rocks. Phys. Rev. E 58 (6), R6923.
Knutson, C.E., Werth, C.J., Valocchi, A.J., 2001. Pore-scalemodeling of dissolution from var-
iably distributed nonaqueous phase liquid blobs. Water Resour. Res. 37 (12),
2951–2963.
Kohler, M., Curtis, G.P., Kent, D.B., Davis, J.A., 1996. Experimental investigation andmodel-
ing of uranium (VI) transport under variable chemical conditions. Water Resour. Res.
32 (12), 3539–3551.
Kreft, J.-U., Picioreanu, C., Wimpenny, J.W., van Loosdrecht, M.C., 2001. Individual-based
modelling of bioﬁlms. Microbiology 147 (11), 2897–2912.
Kwiecien, M., Macdonald, I., Dullien, F., 1990. Three-dimensional reconstruction of porous
media from serial section data. J. Microsc. 159 (3), 343–359.
Laudone, G.M., Matthews, G.P., Gane, P.A.C., 2008. Modelling diffusion from simulated po-
rous structures. Chem. Eng. Sci. 63 (7), 1987–1996.
Lemmens, H., Butcher, A., Botha, P., 2010. FIB/SEM and Automated Mineralogy for Core
and Cuttings Analysis, SPE Russian Oil and Gas Conference and Exhibition. Society
of Petroleum Engineers.
León y León, C.A., 1998. New perspectives inmercury porosimetry. Adv. Colloid Interf. Sci.
76, 341–372.
Lerdahl, T.R., Oren, P.-E., Bakke, S., 2000. A predictive networkmodel for three-phase ﬂow
in porous media. SPE/DOE Improved Oil Recovery Symposium. Society of Petroleum
Engineers.
Levitz, P., 1998. Off-lattice reconstruction of porousmedia: critical evaluation, geometrical
conﬁnement and molecular transport. Adv. Colloid Interf. Sci. 76, 71–106.
Li, S.-G., Ruan, F., McLaughlin, D., 1992. A space-time accurate method for solving solute
transport problems. Water Resour. Res. 28 (9), 2297–2306.
Li, L., Peters, C.A., Celia, M.A., 2006. Upscaling geochemical reaction rates using pore-scale
network modeling. Adv. Water Resour. 29 (9), 1351–1370.
Li, L., Peters, C., Celia, M., 2007. Effects of mineral spatial distribution on reaction rates in
porous media. Water Resour. Res. 43 (1).Liang, Z., Fernandes, C., Magnani, F., Philippi, P., 1998. A reconstruction technique for
three-dimensional porous media using image analysis and Fourier transforms.
J. Pet. Sci. Eng. 21 (3), 273–283.
Lindquist, W.B., Lee, S.M., Coker, D.A., Jones, K.W., Spanne, P., 1996. Medial axis analysis of
void structure in three-dimensional tomographic images of porousmedia. J. Geophys.
Res. Solid Earth 101 (B4), 8297–8310 (1978–2012).
Lindquist, W.B., Venkatarangan, A., Dunsmuir, J., Wong, T.f., 2000. Pore and throat size dis-
tributions measured from synchrotron X-ray tomographic images of Fontainebleau
sandstones. J. Geophys. Res. Solid Earth 105 (B9), 21509–21527 (1978–2012).
Lopez, X., Valvatne, P.H., Blunt, M.J., 2003. Predictive network modeling of single-phase
non-Newtonian ﬂow in porous media. J. Colloid Interface Sci. 264 (1), 256–265.
Lukens, W.W., Schmidt-Winkel, P., Zhao, D., Feng, J., Stucky, G.D., 1999. Evaluating pore
sizes in mesoporous materials: a simpliﬁed standard adsorption method and a sim-
pliﬁed Broekhoff-de Boer method. Langmuir 15 (16), 5403–5409.
Man, H., Jing, X., 1999. Network modelling of wettability and pore geometry effects on
electrical resistivity and capillary pressure. J. Pet. Sci. Eng. 24 (2), 255–267.
Manwart, C., Torquato, S., Hilfer, R., 2000. Stochastic reconstruction of sandstones. Phys.
Rev. E 62 (1), 893.
Maraqa, M.A., Wallace, R.B., Voice, T.C., 1999. Effects of residence time and degree ofwater
saturation on sorption nonequilibrium parameters. J. Contam. Hydrol. 36 (1), 53–72.
McCarthy, J.F., Zachara, J.M., 1989. Subsurface transport of contaminants. Environ. Sci.
Technol. 23 (5), 496–502.
Meakin, P., Tartakovsky, A.M., 2009. Modeling and simulation of pore-scale multiphase
ﬂuid ﬂow and reactive transport in fractured and porousmedia. Rev. Geophys. 47 (3).
Mehmani, A., Prodanović, M., 2014. The effect of microporosity on transport properties in
porous media. Adv. Water Resour. 63, 104–119.
Mehmani, Y., Sun, T., Balhoff, M., Eichhubl, P., Bryant, S., 2012. Multiblock pore-scale
modeling and upscaling of reactive transport: application to carbon sequestration.
Transp. Porous Media 95 (2), 305–326.
Meyers, J., Liapis, A., 1999. Network modeling of the convective ﬂow and diffusion of mol-
ecules adsorbing in monoliths and in porous particles packed in a chromatographic
column. J. Chromatogr. A 852 (1), 3–23.
Meyers, J., Nahar, S., Ludlow, D., Liapis, A.I., 2001. Determination of the pore connectivity
and pore size distribution and pore spatial distribution of porous chromatographic
particles from nitrogen sorption measurements and pore network modelling theory.
J. Chromatogr. A 907 (1), 57–71.
Michael, D., Uchic, L.H., Inkson, B.J., Principe, E.L., Munroe, P., 2007. Three-dimensional mi-
crostructural characterization using focused ion beam tomography. MRS Bull. 32, 8.
Mitchell, J., Webber, J.B.W., Strange, J.H., 2008. Nuclear magnetic resonance
cryoporometry. Phys. Rep. 461 (1), 1–36.
Molz, F.J., Widdowson, M., Beneﬁeld, L., 1986. Simulation of microbial growth dynamics
coupled to nutrient and oxygen transport in porous media. Water Resour. Res. 22
(8), 1207–1216.
Neimark, A.V., Ravikovitch, P.I., 2001. Capillary condensation in MMS and pore structure
characterization. Microporous Mesoporous Mater. 44, 697–707.
Neimark, A.V., Ravikovitch, P.I., Vishnyakov, A., 2000. Adsorption hysteresis in nanopores.
Phys. Rev. E 62 (2), R1493.
Nogues, J.P., Fitts, J.P., Celia, M.A., Peters, C.A., 2013. Permeability evolution due to dissolu-
tion and precipitation of carbonates using reactive transport modeling in pore net-
works. Water Resour. Res. 49 (9), 6006–6021.
Okabe, H., Blunt, M.J., 2004. Prediction of permeability for porous media reconstructed
using multiple-point statistics. Phys. Rev. E 70 (6), 066135.
Or, D., Tuller, M., 2000. Flow in unsaturated fractured porous media: hydraulic conductiv-
ity of rough surfaces. Water Resour. Res. 36 (5), 1165–1177.
Oren, P.-E., 1994. Pore-scale networkmodelling of waterﬂood residual oil recovery by im-
miscible gas ﬂooding. SPE/DOE Improved Oil Recovery Symposium.
Oren, P.-E., Bakke, S., 2002. Process based reconstruction of sandstones and prediction of
transport properties. Transp. Porous Media 46 (2–3), 311–343.
Oren, P.-E., Bakke, S., Arntzen, O.J., 1998. Extending predictive capabilities to network
models. SPE J. Richardson 3, 324–336.
Pang, L., Close, M., Schneider, D., Stanton, G., 2002. Effect of pore-water velocity on chem-
ical nonequilibrium transport of Cd, Zn, and Pb in alluvial gravel columns. J. Contam.
Hydrol. 57 (3), 241–258.
Patzek, T., Silin, D., 2001. Shape factor and hydraulic conductance in noncircular capil-
laries: I. One-phase creeping ﬂow. J. Colloid Interface Sci. 236 (2), 295–304.
Payatakes, A.C., Tien, C., Turian, R.M., 1973. A new model for granular porous media: part
I. Model formulation. AICHE J. 19 (1), 58–67.
Picioreanu, C., Kreft, J.-U., van Loosdrecht, M.C., 2004. Particle-based multidimensional
multispecies bioﬁlm model. Appl. Environ. Microbiol. 70 (5), 3024–3040.
Pilotti, M., 2000. Reconstruction of clastic porous media. Transp. Porous Media 41 (3),
359–364.
Pintelon, T., Graf von der Schulenburg, D., Johns, M., 2009. Towards optimum permeabil-
ity reduction in porous media using bioﬁlm growth simulations. Biotechnol. Bioeng.
103 (4), 767–779.
Pintelon, T.R., Picioreanu, C., van Loosdrecht, M., Johns, M.L., 2012. The effect of bioﬁlm
permeability on bio-clogging of porous media. Biotechnol. Bioeng. 109 (4),
1031–1042.
Piri, M., Blunt, M.J., 2005. Three‐dimensional mixed‐wet random pore‐scale network
modeling of two‐and three‐phase ﬂow in porous media. I. Model description. Physi-
cal Review E 71 (2), 026301.
Prodanović, M., Lindquist, W., Seright, R., 2006. Porous structure and ﬂuid partitioning in
polyethylene cores from 3D X-ray microtomographic imaging. J. Colloid Interface Sci.
298 (1), 282–297.
Prodanović, M., Mehmani, A., Sheppard, A.P., 2015. Imaged-based multiscale network
modelling of microporosity in carbonates. Geol. Soc. Lond., Spec. Publ. 406 (1),
95–113.
116 Q. Xiong et al. / Journal of Contaminant Hydrology 192 (2016) 101–117Raoof, A., Hassanizadeh, S.M., 2010a. A new method for generating pore network models
of porous media. Transp. Porous Media 81 (3), 391–407.
Raoof, A., Hassanizadeh, S.M., 2010b. Upscaling transport of adsorbing solutes in porous
media. J. Porous Media 13 (5).
Raoof, A., Nick, H.M., Wolterbeek, T.K.T., Spiers, C.J., 2012. Pore-scale modeling of reactive
transport in wellbore cement under CO2 storage conditions. Int. J. Greenhouse Gas
Control 11, S67–S77 (Suppl.).
Raoof, A., Nick, H., Hassanizadeh, S., Spiers, C., 2013. PoreFlow: a complex pore-network
model for simulation of reactive transport in variably saturated porous media.
Comput. Geosci. 61, 160–174.
Ravikovitch, P.I., Vishnyakov, A., Russo, R., Neimark, A.V., 2000. Uniﬁed approach to pore
size characterization ofmicroporous carbonaceousmaterials fromN2, Ar, and CO2 ad-
sorption isotherms. Langmuir 16 (5), 2311–2320.
Rebuffel, V., Dinten, J.-M., 2007. Dual-energy X-ray imaging: beneﬁts and limits. Insight-
Non-Destruct. Test. Cond. Monit. 49 (10), 589–594.
Reeves, P.C., Celia, M.A., 1996. A functional relationship between capillary pressure, satu-
ration, and interfacial area as revealed by a pore-scale network model. Water Resour.
Res. 32 (8), 2345–2358.
Regnier, P., O'Kane, J.P., Steefel, C.I., Vanderborght, J.P., 2002. Modeling complex multi-
component reactive-transport systems: towards a simulation environment based
on the concept of a Knowledge Base. Appl. Math. Model. 26 (9), 913–927.
Ren, X., Wang, S., Yang, S., Li, J., 2009. Inﬂuence of contact time, pH, soil humic/fulvic acids,
ionic strength and temperature on sorption of U(VI) onto MX-80 bentonite.
J. Radioanal. Nucl. Chem. 283 (1), 253–259.
Rittmann, B.E., 1993. The signiﬁcance of bioﬁlms in porous media. Water Resour. Res. 29
(7), 2195–2202.
Roberts, A., Torquato, S., 1999. Chord-distribution functions of three-dimensional random
media: approximate ﬁrst-passage times of gaussian processes. Phys. Rev. E 59 (5),
4953.
Rodriguez-Reinoso, F., 2009. Characterisation of porous solids VIII. Proceedings of the 8th
International Symposium on the Characterisation of Porous Solids, 318. Royal Society
of Chemistry.
Rolland du Roscoat, S., et al., 2014. Application of synchrotron X-ray microtomography for
visualizing bacterial bioﬁlms 3D microstructure in porous media. Biotechnol. Bioeng.
111 (6), 1265–1271.
Rosenzweig, R., Furman, A., Shavit, U., 2013. A channel networkmodel as a framework for
characterizing variably saturated ﬂow in bioﬁlm-affected soils. Vadose Zone J. 12 (2).
Rouquerol, J., et al., 2012. The characterization of macroporous solids: an overview of the
methodology. Microporous Mesoporous Mater. 154, 2–6.
Rouquerol, J., Rouquerol, F., Llewellyn, P., Maurin, G., Sing, K.S., 2013. Adsorption by Pow-
ders and Porous Solids: Principles, Methodology and Applications. Academic Press.
Ryazanov, A., van Dijke, M., Sorbie, K., 2009. Two-phase pore network modelling: exis-
tence of oil layers during water invasion. Transp. Porous Media 80 (1), 79–99.
Saito, A., Foley, H., 1991. Curvature and parametric sensitivity in models for adsorption in
micropores. AICHE J. 37 (3), 429–436.
Saito, A., Foley, H.C., 1995. Argon porosimetry of selected molecular sieves: experiments
and examination of the adapted Horvath-Kawazoe model. Microporous Mater. 3
(4), 531–542.
Schlüter, S., Sheppard, A., Brown, K., Wildenschild, D., 2014. Image processing of multi-
phase images obtained via X-ray microtomography: a review. Water Resour. Res.
50 (4), 3615–3639.
Serrano, D., et al., 2009. Molecular and meso- and macroscopic properties of hierarchical
nanocrystalline ZSM-5 zeolite prepared by seed silanization. Chem. Mater. 21 (4),
641–654.
Shin, H., Lindquist, W., Sahagian, D., Song, S.-R., 2005. Analysis of the vesicular structure of
basalts. Comput. Geosci. 31 (4), 473–487.
Silin, D., Patzek, T., 2006. Pore space morphology analysis using maximal inscribed
spheres. Physica A 371 (2), 336–360.
Sing, K., 2001. The use of nitrogen adsorption for the characterisation of porous materials.
Colloids Surf. A Physicochem. Eng. Asp. 187–188, 3–9.
Soares, M.I.s.M., Braester, C., Belkin, S., Abeliovich, A., 1991. Denitriﬁcation in laboratory
sand columns: carbon regime, gas accumulation and hydraulic properties. Water
Res. 25 (3), 325–332.
Sok, R.M., et al., 2010. Pore scale characterization of carbonates at multiple scales: integra-
tion of micro-CT, BSEM, and FIBSEM. Petrophysics 51 (06).
Stewart, T.L., Kim, D.-S., 2004. Modeling of biomass-plug development and propagation in
porous media. Biochem. Eng. J. 17 (2), 107–119.
Stewart, T.L., Scott Fogler, H., 2002. Pore-scale investigation of biomass plug development
and propagation in porous media. Biotechnol. Bioeng. 77 (5), 577–588.
Stingaciu, L., et al., 2010. Determination of pore size distribution and hydraulic properties
using nuclear magnetic resonance relaxometry: a comparative study of laboratory
methods. Water Resour. Res. 46 (11).
Stoodley, P., Boyle, J.D., DeBeer, D., Lappin-Scott, H.M., 1999. Evolving perspectives of bio-
ﬁlm structure. Biofouling 14 (1), 75–90.
Strange, J.H., Rahman, M., Smith, E., 1993. Characterization of porous solids by NMR. Phys.
Rev. Lett. 71 (21), 3589.
Suchomel, B.J., Chen, B.M., Allen III, M.B., 1998. Network model of ﬂow, transport and bio-
ﬁlm effects in porous media. Transp. Porous Media 30 (1), 1–23.
Tada, R., Siever, R., 1989. Pressure solution during diagenesis. Annu. Rev. Earth Planet. Sci.
17, 89.
Tartakovsky, A.M., Meakin, P., 2006. Pore scale modeling of immiscible and miscible ﬂuid
ﬂows using smoothed particle hydrodynamics. Adv. Water Resour. 29 (10),
1464–1478.
Tartakovsky, A.M., Meakin, P., Scheibe, T.D., Eichler West, R.M., 2007. Simulations of reac-
tive transport and precipitation with smoothed particle hydrodynamics. J. Comput.
Phys. 222 (2), 654–672.Taylor, S.W., Jaffé, P.R., 1990. Bioﬁlm growth and the related changes in the physical prop-
erties of a porous medium: 1. Experimental investigation. Water Resour. Res. 26 (9),
2153–2159.
Thommes, M., 2010. Physical adsorption characterization of nanoporous materials. Chem.
Ing. Tech. 82 (7), 1059–1073.
Thommes, M., Köhn, R., Fröba, M., 2002. Sorption and pore condensation behavior of pure
ﬂuids in mesoporous MCM-48 silica, MCM-41 silica, SBA-15 silica and controlled-
pore glass at temperatures above and below the bulk triple point. Appl. Surf. Sci.
196 (1), 239–249.
Thommes, M., Smarsly, B., Groenewolt, M., Ravikovitch, P.I., Neimark, A.V., 2006. Adsorp-
tion hysteresis of nitrogen and argon in pore networks and characterization of novel
micro- and mesoporous silicas. Langmuir 22 (2), 756–764.
Thullner, M., 2010. Comparison of bioclogging effects in saturated porous media within
one- and two-dimensional ﬂow systems. Ecol. Eng. 36 (2), 176–196.
Thullner, M., Baveye, P., 2008. Computational pore network modeling of the inﬂuence of
bioﬁlm permeability on bioclogging in porous media. Biotechnol. Bioeng. 99 (6),
1337–1351.
Thullner, M., Zeyer, J., Kinzelbach, W., 2002. Inﬂuence of microbial growth on hydraulic
properties of pore networks. Transp. Porous Media 49 (1), 99–122.
Thullner, M., Schroth, M.H., Zeyer, J., Kinzelbach, W., 2004. Modeling of a microbial
growth experiment with bioclogging in a two-dimensional saturated porous media
ﬂow ﬁeld. J. Contam. Hydrol. 70 (1), 37–62.
Tomutsa, L., Silin, D.B., Radmilovic, V., 2007. Analysis of chalk petrophysical properties by
means of submicron-scale pore imaging andmodeling. SPE Reserv. Eval. Eng. 10 (03),
285–293.
Tsai, W.-F., Chen, C.-J., 1995. Unsteady ﬁnite-analytic method for solute transport in
ground-water ﬂow. J. Eng. Mech. 121 (2), 230–243.
Valckenborg, R., Pel, L., Kopinga, K., 2002. Combined NMR cryoporometry and
relaxometry. J. Phys. D. Appl. Phys. 35 (3), 249.
Vandevivere, P., Baveye, P., 1992. Saturated hydraulic conductivity reduction caused by
aerobic bacteria in sand columns. Soil Sci. Soc. Am. J. 56 (1), 1–13.
Varloteaux, C., Békri, S., Adler, P.M., 2013. Pore networkmodelling to determine the trans-
port properties in presence of a reactive ﬂuid: From pore to reservoir scale. Adv.
Water Resour. 53, 87–100.
Vogel, H., 2000. A numerical experiment on pore size, pore connectivity, water retention,
permeability, and solute transport using network models. Eur. J. Soil Sci. 51 (1),
99–105.
Vogel, H.-J., Roth, K., 2001. Quantitative morphology and network representation of soil
pore structure. Adv. Water Resour. 24 (3), 233–242.
Wang, X., Chen, C., Zhou, X., Tan, X., Hu, W., 2005. Diffusion and sorption of U (VI) in
compacted bentonite studied by a capillary method. Radiochim. Acta 93 (5/2005),
273–278.
Wang, X., Jivkov, A.P., 2015. Combined numerical‐statistical analyses of damage and
failure of 2D and 3D mesoscale heterogeneous concrete. Math. Prob. in Eng. 501,
702563.
Wang, X., Yang, Z., Jivkov, A.P., 2015a. Monte Carlo simulations of mesoscale fracture of
concrete with random aggregates and pores: a size effect study. Constr. Build.
Mater. 80, 262–272.
Wang, X., Yang, Z., Yates, J.R., Jivkov, A.P., Zhang, C., 2015b. Monte Carlo simulations of
mesoscale fracture modelling of concrete with random aggregates and pores. Constr.
Build. Mater. 75, 35–45.
Wang, X., Zhang,M., Jivkov, A.P., 2016. Computational technology for analysis of 3Dmeso‐
structure effects on damage and failure of concrete. International J. Solids and Struct.
80, 310–333.
Wildenschild, D., Vaz, C., Rivers, M., Rikard, D., Christensen, B., 2002a. Using X-ray com-
puted tomography in hydrology: systems, resolutions, and limitations. J. Hydrol.
267 (3), 285–297.
Wildenschild, D., Vaz, C.M.P., Rivers, M.L., Rikard, D., Christensen, B.S.B., 2002b. Using X-
ray computed tomography in hydrology: systems, resolutions, and limitations.
J. Hydrol. 267 (3–4), 285–297.
Wilkinson, D., Willemsen, J.F., 1983. Invasion percolation: a new form of percolation the-
ory. J. Phys. A Math. Gen. 16 (14), 3365.
Wimpenny, J., Manz, W., Szewzyk, U., 2000. Heterogeneity in bioﬁlms. FEMS Microbiol.
Rev. 24 (5), 661–671.
Wirth, R., 2009. Focused Ion Beam (FIB) combined with SEM and TEM: Advanced analyt-
ical tools for studies of chemical composition, microstructure and crystal structure in
geomaterials on a nanometre scale. Chem. Geol. 261 (3), 217–229.
Withers, P.J., 2007. X-ray nanotomography. Mater. Today 10 (12), 26–34.
Xiong, Q., Jivkov, A.P., 2015. Analysis of pore structure effects on diffusive transport in
Opalinus Clay via pore network models. Mineral. Mag. 79 (6), 1369–1377.
Xiong, Q., Jivkov, A.P., Yates, J.R., 2014. Discrete modelling of contaminant diffusion in po-
rous media with sorption. Microporous Mesoporous Mater. 185, 51–60.
Xiong, Q., Joseph, C., Schmeide, K., Jivkov, A.P., 2015. Measurement and modelling of reac-
tive transport in geological barriers for nuclear waste containment. Phys. Chem.
Chem. Phys. 17 (45), 30577–30589.
Xiong, Q., Jivkov, A.P., Ahmad, S.M., 2016. Modelling reactive diffusion in clays with two‐
phase‐informed pore networks. Appl. Clay Sci. 119, 222–228.
Yeong, C., Torquato, S., 1998a. Reconstructing random media. Phys. Rev. E 57 (1),
495.
Yeong, C., Torquato, S., 1998b. Reconstructing random media. II. Three-dimensional
media from two-dimensional cuts. Phys. Rev. E 58 (1), 224.
Yiotis, A.G., Tsimpanogiannis, I.N., Stubos, A.K., Yortsos, Y.C., 2006. Pore-network study of
the characteristic periods in the drying of porous materials. J. Colloid Interface Sci.
297 (2), 738–748.
Zhang, M., Jivkov, A., 2014. Microstructure-informed modelling of damage evolution in
cement paste using a site-bond model. Constr. Build. Mater. 66, 731–742.
117Q. Xiong et al. / Journal of Contaminant Hydrology 192 (2016) 101–117Zhang, X., Crawford, J.W., Young, I.M., 2008. Does pore water velocity affect the reaction
rates of adsorptive solute transport in soils? Demonstration with pore-scale model-
ling. Adv. Water Resour. 31 (3), 425–437.
Zhang, M., Xu, K., He, Y., Jivkov, A.P., 2014. Pore-scale modelling of 3D moisture distribu-
tion and critical saturation in cementitious materials. Constr. Build. Mater. 64,
222–230.Zhou, D., Dillard, L.A., Blunt, M.J., 2000. A physically based model of dissolution of non-
aqueous phase liquids in the saturated zone. Transp. Porous Media 39 (2), 227–255.
Zhu, Y., Fox, P.J., 2002. Simulation of pore-scale dispersion in periodic porous media using
smoothed particle hydrodynamics. J. Comput. Phys. 182 (2), 622–645.
